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Abstract 

Background Robots have been proposed as tools to measure bimanual coordination in children with unilateral 
cerebral palsy (uCP). However, previous research only examined one task and clinical interpretation remains challeng‑
ing due to the large amount of generated data. This cross‑sectional study aims to examine bimanual coordination 
by using multiple bimanual robotics tasks in children with uCP, and their relation to task execution and unimanual 
performance.

Methods The Kinarm exoskeleton robot was used in 50 children with uCP (mean age: 11 years 11 months ± 2 years 
10 months, Manual Ability Classification system (MACS‑levels: l = 27, ll = 16, lll = 7)) and 50 individually matched 
typically developing children (TDC). All participants performed three tasks: object‑hit (hit falling balls), ball‑on‑bar 
(balance a ball on a bar while moving to a target) and circuit task (move a cursor along a circuit by making hori‑
zontal and vertical motions with their right and left hand, respectively). Bimanual parameters provided information 
about bimanual coupling and interlimb differences. Differences between groups and MACS‑levels were investigated 
using ANCOVA with age as covariate (α < 0.05, η2p ). Correlation analysis (r) linked bimanual coordination to task execu‑
tion and unimanual parameters.

Results Children with uCP exhibited worse bimanual coordination compared to TDC in all tasks (p ≤ 0.05, η2p = 0.05–
0.34). The ball‑on‑bar task displayed high effect size differences between groups in both bimanual coupling and inter‑
limb differences (p < 0.001, η2p = 0.18–0.36), while the object‑hit task exhibited variations in interlimb differences 
(p < 0.001, η2p = 0.22–0.34) and the circuit task in bimanual coupling (p < 0.001, η2p = 0.31). Mainly the performance 
of the ball‑on‑bar task (p < 0.05, η2p = 0.18–0.51) was modulated by MACS‑levels, showing that children with MACS‑
level lll had worse bimanual coordination compared to children with MACS‑level l and/or II. Ball‑on‑bar outcomes 
were highly related to task execution (r = − 0.75–0.70), whereas more interlimb differences of the object‑hit task were 
moderately associated with a worse performance of the non‑dominant hand (r = − 0.69–(− 0.53)).

Conclusion This study gained first insight in important robotic tasks and outcome measures to quantify 
bimanual coordination deficits in children with uCP. The ball‑on‑bar task showed the most discriminative ability 
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Background
Bimanual coordination is defined as “a unique example of 
collaboration between two interconnected yet function-
ally specialized hemispheres to accomplish goal-directed 
behavior by means of integration of the left and right 
limb movements into a functional control entity” [1]. It is 
crucial for performing daily bimanual tasks like button-
ing a shirt and grooming. Two distinct types of bimanual 
coordination patterns exist, namely preferred and non-
preferred. While preferred coordination involves simul-
taneously (in-phase) or alternating (anti-phase) rhythmic 
activation of the homologous muscles, non-preferred 
refers to coordination modalities that are commonly used 
in daily life and require practice to be performed effec-
tively [1]. Tasks that follow a non-preferred coordina-
tion pattern consist of two different categories: bilateral 
symmetrical tasks where similar demands are imposed 
on each hand (e.g. lifting a box of the floor) and bilat-
eral complementary tasks where demands on each hand 
differ (e.g. tying shoe laces) [2]. The task performance 
of typically developing children (TDC) evolves from a 
slow and sequential performance with each hand sepa-
rately to a well-coordinated strategy in adulthood, due 
to experience and increasing prevalence of bilateral com-
plementary tasks in daily life [3]. However, children with 
neurodevelopmental disorders, such as cerebral palsy 
(CP), may exhibit impairments in bimanual coordination, 
possibly causing problems in both bilateral symmetrical 
and complementary tasks.

CP is the most common motor disorder in children 
caused by a brain lesion of the developing fetal or infant 
brain [4]. It has a prevalence of 3 per 1000 live births [4] 
of which 44% has unilateral CP (uCP) [5]. Due to sensori-
motor deficits on one side of the body, which are mostly 
present in the upper limb, children with uCP have diffi-
culties with performing daily life activities. From the age 
of nine years, the spontaneous use of the non-dominant 
hand in bimanual activities even tends to decline, despite 
improvements in unimanual capacity [6]. Bimanual per-
formance has been defined as the spontaneous use of 
the non-dominant hand during a bimanual activity [7]. 
However, in literature, bimanual performance has most 
commonly been assessed with the clinical Assisting Hand 
Assessment (AHA) [7], which has been referred to in lit-
erature as not being able to capture the precise coordina-
tion between both hands [8, 9]. To address this issue, the 
Two Arm Coordination Test, which requires participants 

to manipulate two handles simultaneously to control a 
pointer in a star shape, was developed [9]. Despite pro-
viding information about speed and accuracy, the out-
come parameters offer limited insights into bimanual 
coordination [9]. Some studies investigated bimanual 
coordination quantitatively with a 3D motion registra-
tion during different symmetrical and asymmetrical tasks 
[10], showing that children with uCP have less bimanual 
coupling compared to TDC and thus worse coordina-
tion [11]. Bimanual coupling refers to the active spati-
otemporal connection of both arms in order for them to 
operate as a single functional synergy [12]. Nevertheless, 
bimanual coupling is only one component of bimanual 
coordination. Interlimb differences, which refer to the 
differences in physical abilities between both hands dur-
ing a bimanual task, can also have an important role in 
bimanual coordination. Although natural differences 
between hands exist, the reduced capacity of the non-
dominant hand in children with uCP could influence the 
efficiency and success of bimanual coordination tasks as 
it has been shown in adults with stroke [12]. Interlimb 
differences could affect both symmetrical and comple-
mentary tasks in children with uCP. Larger differences 
may create synchronization problems in symmetrical 
tasks, while compensatory movements with the domi-
nant hand can create larger interlimb differences in com-
plementary tasks. As previous research in children with 
uCP focused mainly on bimanual coupling [11, 13], more 
research is needed to map both bimanual coupling and 
interlimb differences to fully understand the bimanual 
coordination abilities in this population.

It has been recently demonstrated that robotic assess-
ments have the ability to measure bimanual coordina-
tion deficits in children with uCP [14]. Such cutting-edge 
technology has a number of benefits over clinical assess-
ments, including the ability for objective and accurate 
assessment, which can provide detailed information 
about complex movements [15]. In paediatric popula-
tions, four different robotic systems have been used to 
assess upper limb function [16]. Nevertheless, only the 
Kinarm robots are able to assess both arms at the same 
time, hence study bimanual coordination, including both 
bimanual coupling and interlimb differences [16]. Despite 
this, the Kinarm exoskeleton robot has primarily been 
utilized in children with uCP to assess somatosensory 
and unimanual reaching deficits [17–19]. Additionally, 
the majority of studies only included one standardized 

for both bimanual coupling and interlimb differences, while the object‑hit and circuit tasks are unique to interlimb 
differences and bimanual coupling, respectively.
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task and analyzed a subset of the outcome parameters 
without providing information regarding parameter 
selection. Although the Kinarm exoskeleton is a valuable 
tool to identify bimanual coordination deficits in children 
with uCP, the infinite possibilities of tasks and outcome 
parameters on this robotic device can be a drawback. 
Hence, it is important to first conduct an exploratory 
study involving all outcome parameters, which will allow 
for a more substantiated selection of tasks and parame-
ters in future studies.

In addition to exploring bimanual coordination abilities 
in children with uCP, it is crucial to understand the influ-
ence of these abilities on their manual ability, or their 
capacity to perform daily activities using both arms [20]. 
While previous studies have shown that children with a 
lower manual ability take longer to complete bimanual 
tasks [13], the relationship between bimanual coordina-
tion and manual ability remains unravelled. Therefore, 
we want to examine whether bimanual coordination is 
related with manual abilities as evaluated by the Manual 
Ability Classification System (MACS).

Next to this, it has been shown that the capacity of 
the non-dominant hand affects bimanual coordina-
tion in children with uCP [11]. Additionally, it has been 
demonstrated that children with uCP predominantly 
rely on their dominant hand during the performance of 
bimanual tasks [21]. Nevertheless, children with uCP 
also display decreased function in their dominant hand 
compared to TDC, possibly influencing their bimanual 
function [22]. For this reason, it is critical to have a bet-
ter understanding of the relation between unimanual 
performance of both hands during these robotic tasks 
and bimanual coordination. Lastly, we also expect that 
bimanual coordination plays a crucial role in the task 
execution, which reflects the child’s overall performance. 
However, this relation has not yet been investigated in 
children with uCP with the Kinarm exoskeleton robot. 
This information could aid in a more motivated selection 
of bimanual coordination tasks and limit the assessment 
time in future studies.

Hence, the aim of this study is threefold. The first aim is 
to compare bimanual coordination in children with uCP 
and TDC using three robotic tasks. By including TDC as 
a control group, we aim to gain insights into the presence 
of bimanual coordination differences between children 
with uCP and TDC in order to identify potential biman-
ual coordination deficits and define sensitive outcome 
parameters. The second aim was to investigate whether 
bimanual coordination parameters differ between chil-
dren with uCP with different manual abilities. Third, we 
will explore the relationship between unimanual param-
eters, task execution parameters, and bimanual coordina-
tion parameters of different robotic tasks in children with 

uCP. By combining these insights, we want to gain a bet-
ter understanding of sensitive tasks and parameters for 
measuring bimanual coordination in children with uCP 
using the Kinarm exoskeleton robot. We expect that (1) 
children with uCP will have bimanual coordination defi-
cits across all three tasks; (2) children with better manual 
ability will have a better bimanual coordination; (3) that 
bimanual coordination will be related to task perfor-
mance and (4) that unimanual parameters of both hands 
will be linked to both aspects of bimanual coordination, 
i.e. bimanual coupling and interlimb differences.

Methods
Participants
Children with uCP, aged 7–15 years were recruited from 
the CP care program of the University Hospitals Leuven, 
Belgium for a larger project involving multiple cross-
sectional studies. Children with uCP were included if 
they could understand the test instructions and if they 
were able to actively grasp and stabilize an object with 
the non-dominant hand (House Functional Classification 
Score ≥ 4) [23]. This last inclusion criteria was related 
to the overall project, which includes other upper limb 
assessments that require an active grasp of the non-dom-
inant hand. Children were excluded if they had received 
botulinum neurotoxin A injections in the upper limb 
six months before testing or had undergone upper limb 
surgery two years before assessment. Children with uCP 
were further categorized according to their manual abili-
ties in levels I to III using the MACS, where a higher level 
indicates worse manual ability [20]. Individually age- 
and sex-matched TDC were included when they had no 
neurological disorder, musculoskeletal problems of the 
upper limb, or uncorrected visual impairments. Written 
informed consent was obtained by all parents, and chil-
dren above the age of 12 also provided their assent to 
participation. The Ethics Committee Research UZ/KU 
Leuven authorized the study (S62906), which was carried 
out in conformity with the Helsinki Declaration of 1964.

Robotic assessment of bimanual coordination
Apparatus and test administration
The Kinarm robotic exoskeleton (Kinarm, BKIN Tech-
nologies Ltd, Kingston, Canada) was used to quantify 
bimanual coordination (Fig.  1). For the measurements, 
participants were seated in an adaptable exoskeleton with 
their arms and legs supported. Younger children who 
were of insufficient height were positioned on a cushion 
to lift them to the proper seated position. Each upper 
limb was placed on three arm supports or troughs, pro-
viding support for the entire limb, while the shoulders 
were placed in 85° shoulder abduction. These supports 
were individually adjusted to align with the participant’s 
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shoulder and elbow joints, making free movements in the 
horizontal plane possible. The child was strapped in the 
chair to limit trunk movements. A mirrored screen dis-
played the task and cursors that represented the child’s 
hand position in an augmented reality system. During 
COVID-19, mouth masks were removed to optimize 
vision once the child was installed in the disinfected area 
and at a safe distance from the assessors.

Bimanual coordination tasks
Three bimanual tasks were assessed: one symmetrical, 
the ball-on-bar (BOB) task, and two complementary, the 
object-hit (OH) task and the circuit task (Fig. 2). The BOB 
and OH tasks are standardized tasks of Kinarm (Collec-
tion version 3.9.2, analysis version 3.9.3, BKIN Technolo-
gies Ltd., Kingston, ON, Canada) [24], whereas the circuit 
task was developed by Doost et  al. [25]. All tasks were 
preceded by a practice session to ensure comprehension. 
Moreover, child-adapted versions of each task were used, 
which is a scaled-down version of the adult tasks in the 
horizontal plane, to minimize the extent of the required 
arm movements.’

The first task was the BOB task [26] (Fig. 2A, B), where 
participants’ fingertips were connected by a 20 cm virtual 

white bar on which they had to balance a ball while mov-
ing it to a target using both hands. The targets were 
presented in four positions, one at a time, in a diamond 
shape with the corners 6  cm from the centre [24]. A 
spring-like force was applied when either hand moved 
too far away from their starting position, in order to 
maintain bar length [26]. The task consists of two diffi-
culty levels, with the ball fixed to the middle of the bar in 
the first level (Fig. 2A) and the ball moving based on the 
bar’s tilt in the second level, (Fig. 2B) [13, 15].

In the OH task [27] (Fig. 2C), participants were asked 
to hit balls falling from the top of the screen using both 
hands, represented as 3 cm wide lines. Both hands could 
move freely without restrictions in the horizontal plane. 
To ascertain bimanual coordination during this task, it 
was explicitly specified that both hands had to be used. 
The goal was to hit as many balls as possible in 2  min, 
while the speed and amount of the balls continuously 
increased. A total of 300 balls were dropped randomly 
from 10 different invisible bins within the 50  cm work-
space [27].

Lastly, in the circuit task of Doost et al. [25] (Fig. 2D), 
participants needed to drive a cursor through a circuit as 
accurately as possible by performing opposite movements 

Fig. 1 Kinarm exoskeleton robot with the exoskeleton (A), computer for data acquisition (B), one of the three arm supports (more specifically 
for the underam) (C) and interactive screen (D)

Fig. 2 Tasks on the Kinarm exoskeleton: BOB task with level 1 (A) and level 2 (B), OH task (C) and circuit task (D)
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with both hands. The left hand moved the cursor only in 
the vertical direction and the right hand in the horizontal 
direction. Virtual barriers imposed by the robot ensured 
that the hands could only move in these directions. The 
circuit was tilted at a 45° angle relative to the horizontal 
axis, requesting simultaneous movements of both hands 
to move the cursor through the oblique paths. The test 
consisted of two identical circuits that were a mirrored 
version of each other [25]. In contrast to Doost et al. [25], 
participants were requested to complete this task at their 
own pace rather than as quickly as possible, due to the 
high cognitive demand of the task.

Parameters
For each of the standard tasks, outcome parameters were 
automatically calculated after the assessment and could 
be divided into task execution, unimanual and bimanual 
parameters. Thirteen task execution parameters provided 
information about the overall task performance, 10 uni-
manual parameters about the performance of each hand 
separately, and lastly, 19 bimanual parameters about 
bimanual coordination which could be further divided 
into bimanual coupling and interlimb differences. The 
bimanual coupling parameters quantify the extent of 
how both hands are spatiotemporally coupled, while 
the interlimb differences are calculated from the differ-
ences between the spatiotemporal performance of each 
hand [12]. The parameters, as well as their classification 
within performance, unimanual and bimanual (biman-
ual coupling and interlimb differences) parameters, are 
described in Table  1. More detailed information can be 
found in the Kinarm manual (Dexterity-E 3.9) [24]. Since 
calculations of some bimanual parameters of the OH 
task (i.e., miss bias, hand transition, hand bias hits, hand 
speed bias, movement area bias) did not take the hand 
dominance into account, a multiplication by − 1 was con-
ducted in left-handed children and by 1 in right-handed 
children to enable comparison between dominant and 
non-dominant hands [14]. Some interlimb parameters of 
the BOB task were already calculated using the absolute 
values of the outcome. Hence, the direction of the asym-
metry for these parameters (i.e., reaction time difference, 
hand speed difference) could not be identified. Further-
more, as the mean bar tilt parameter had a different sign 
depending on the direction of the angle of the bar, we 
used absolute values of this parameter for further analy-
sis [26].

Statistical analysis
Statistical analysis included one-way analysis of covari-
ance (ANCOVA) to compare bimanual parameters 
between children with uCP and age- and sex-matched 
TDC with age as covariate. The parameters were 

transformed if the Shapiro–Wilk test indicated that the 
residuals from the ANCOVA were not normally distrib-
uted. An overview of the transformations can be found 
in  Additional file 1. In case of transformation, all results 
were back-transformed and reported in this study for 
optimal interpretation [28]. Moreover, when unequal 
variances were present between groups (Levene’s test, 
p ≤ 0.05), ANCOVA was performed using robust stand-
ard errors [29, 30]. If there was no significant interac-
tion between age and group, only the model with the 
main effects was retained. When an interaction effect 
was found between group and age, a moderated regres-
sion analysis was performed instead of an ANCOVA [31]. 
Lastly, to correct for multiple testing, a false discovery 
rate was implemented with an adjusted p-value of 0.05, 
indicating that only 5% of significant tests will result in 
false positives [32, 33]. Effect sizes were calculated using 
partial eta squared ( η2p ) and interpreted as small (0.01–
0.059), medium (0.06–0.13), and large (≥ 0.14) [34]. For 
the second research question, an ANCOVA following the 
same procedure as described above was used to compare 
the bimanual parameters between MACS-levels (Levels 
l–lll) in children with uCP. Finally, the relation between 
the bimanual, unimanual and task execution parameters 
was investigated with Pearson (r) and Spearman’s rank 
correlations  (rs), depending on the data distribution, and 
interpreted as no or little (< 0.30), low (0.30–0.49), mod-
erate (0.50–0.69), high (0.70–0.89) and very high (≥ 0.90) 
[35]. Matlab 2021a (Mathworks, Natick, MA) was used 
for data analysis of the circuit task and SPSS Statistics 
version 26.0 (IBM, Armonk, New York, USA) was used 
for all statistical analyses. We further used the PlotsOf-
Data application to visualize the difference in bimanual 
coordination between children with different MACS-lev-
els. [36]

Results
Participants
In this study, 50 children with uCP (11y11m ± 2y10m, 27 
males, 27 right-sided uCP) and 50 individually age- and 
sex-matched TDC (11y11m ± 2y10m, 44 right-handed) 
were included. Children with uCP were further classified 
according to their MACS-level (MACS-levels: l: N = 27, 
ll: N = 16, lll: N = 7). Technical problems caused missing 
data in some parameters. These children and their match 
were omitted from the analysis of the specific parameter 
in the comparison between children with uCP and TDC. 
Data analysis was conducted on the first level of the BOB 
and OH tasks using 50 matches, except for the BOB task’s 
reaction time difference parameter (47 matches; MACS-
levels: l: N = 27, ll: N = 16, lll: N = 6) and the OH task’s 
hand speed bias (49 matches; MACS-levels: l: N = 27, ll: 
N = 16, lll: N = 7). The second level of the BOB task was 
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Table 1 Overview of Kinarm exoskeleton parameters of the three bimanual coordination tasks

Task Classification Parameter Description [24]

Ball‑on‑bar 
task (Level 1 
and 2)

Task execution Targets complete Amount of successfully touched and held targets (without a ball drop in level 2)

Drops Number of times the ball fell of the bar in level 2

Time to target Mean time to reach a target from the moment it was visible to the moment it was touched (in s)

Ball speed Mean ball speed throughout the level (in cm/s)

Unimanual DH/NDH speed Mean hand speed throughout the level (in cm/s)

DH/NDH speed peaks Number of the hand’s level‑specific speed maxima, omitting those at the first and final data 
points

Bimanual: coupling Mean bar tilt Absolute value of the mean angle of the bar during the level (in radial)

Bar tilt standard deviation Standard deviation of the level’s bar angle (in radial)

Bar length variability Variation in bar length (in %)

Bimanual: interlimb Hand speed difference Differences between hand speeds divided by the mean of the hand speeds (in %)

Formula = �abs(SDH−SNDH)
0,5∗�abs(SDH+SNDH)

 , with S = hand speed

Hand speed peaks bias Relative bias in amount of hand speed peaks

Formula = HSPDH−HSPNDH
HSPDH+HSPNDH

 , with HSP = hand speed peaks

Hand path length bias Relative bias in hand path length

Formula = HPLDH−HPLNDH
HPLDH+HPLNDH

 , with HPL = hand path length

Reaction time difference For each successfully completed target in level 1, the mean absolute difference 
between both hands is calculated (in s). Formula = abs(RTDH − RTNDH) , with RT = reaction time. 
This metric is not calculated in level 2 due to the considerable variability in reaction times due 
to the moving ball

Object‑hit 
Task

Task execution Target hits The percentage of balls hit out of the total number of balls (in %)

Median error The point during the entire challenge when 50% of all errors were made with regard 
to the whole task (in %)

Miss bias X‑value of the position indicating the direction of most errors. This parameter is calculated based 
on the number of misses in each of the ten bins with their weighted mean (in cm)

Formula = 
�

10
i=1xi∗wm,i

�
10
i=1wm,i

 , with  xi = X‑position of the ith bin,  wm,I = weight or the number of misses 

in the ith bin

Unimanual Hits DH/NDH Total number of hits with the dominant / non‑dominant hand

Hand speed DH/NDH Mean hand speed of each hand during the task (in cm/s)

Movement area DH/NDH Movement area of each hand during the task (in  cm2)

Bimanual: Coupling Hand transition Absolute x‑value of the subject’s preference for using one hand over the other in the workspace 
(in cm). Larger value indicates a more shifted representation of the midline (in cm)

Formula = 
�

10
i=1xi∗wh(DH),i

�
10
i=1wh(DH),i

+
�

10
i=1xi∗wh(NDH),i

�
10
i=1wh(NDH),i

/2 , with  xi = x‑position of the ith bin,  wh(DH/NDH),i  

= weight or the number of hits of the DH/NDH in the  ith bin. [14]

Hand selection overlap Percentage that captures effectiveness of using both hands (i.e. hit balls with both the dominant 
and non‑dominant hand) (in %). Calculated by the sum of the hand changes for each bin divided 
by total number of hits

Bimanual: Interlimb Hand bias hits Bias in hits between hands divided by the total sum of both hands. Formula = HDH−HNDH
HDH+HNDH

 , 
with H = hits

Movement area bias Bias in mean movement area between hands divided by the total sum of both hands

Formula = ADH−ANDH
ADH+ANDH

 , with A = movement area

Hand speed bias Bias in mean hand speed between hands divided by the total sum of both hands

Formula = SDH−SNDH
SDH+SNDH

 , with S = hand speed

Circuit task Task execution Error The average surface between the cursor trajectory and the midline of the track (in  cm2). [25]

Velocity Average vectorial velocity of both hands (in cm/s). [25]

Skill Measure of ideal accuracy (lower error) and speed, by dividing the velocity measurement 
with the error parameter. This value is multiplied by 1 cm/s to eliminate its dimension. Higher skill 
values are associated with more accurate movements and/or higher movement speed. [25]

Bimanual Bimanual coordination factor Calculated by dividing the minimum value between the absolute values of each hand 
by the hand’s vectorial velocities. When the child was only using one hand, the score 
was adjusted by using a penalty. The score ranges from 0 to 0.7, where a lower score indicates 
a more sequential movement of both hands. [25]

Formula = 
min(|Vx |,|Vy |)

√

v2x+v2y

 , with  vx/y = absolute value of the horizontal/vertical hand velocity. [25]

DH  dominant hand, NDH  non-dominant hand, cm centimeter, s  seconds
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analysed with 48 matches (MACS-levels: l: N = 26, ll: 
N = 16, lll: N = 7) and the circuit task with 46 matches 
(MACS-levels: l: N = 26, ll: N = 16, lll: N = 5). A full over-
view of the total number of included participants for each 
parameter can be found in  Additional file 2.

Comparison of bimanual parameters between children 
with uCP and TDC
First, we investigated the difference in bimanual coordi-
nation parameters of the three tasks between children 
with uCP and TDC. A visual representation of the effect 
sizes from the ANCOVA can be found in Fig.  3 and an 
overview of the descriptives of the ANCOVA with mean 
and 95% confidence interval shown in Table 2.

Ball‑on‑bar task (BOB)
The results of the BOB task showed that children with 
uCP had worse bimanual coupling compared to TDC. 
Significant between group differences were found in two 
bimanual coupling parameters, with a moderate (mean 
bar tilt; level 1 and 2: p = 0.01, η2p =0.09) to high effect size 
(bar tilt standard deviation; level 1: p < 0.001, η2p =0.18; 
level 2: p < 0.001, η2p =0.20). No significant difference with 
only a small effect size was found for bar length variabil-
ity (level 1: p = 0.14, η2p =0.03; level 2: p = 0.38, η2p =0.01). 
For interlimb differences, reaction time difference from 

the first level, hand speed difference from the second 
level and hand path length bias from both levels showed 
significant differences between groups with a large effect 
size, indicating greater differences between hands in chil-
dren with uCP compared to TDC (level 1—reaction time 
difference: p < 0.001, η2p =0.36; level 2—hand speed differ-
ence: p < 0.001, η2p =0.19; both levels—hand path length 
bias: p < 0.001, η2p =0.21–0.23). Interlimb differences in 
hand path length are presented by higher path length of 
the dominant hand in children with uCP, whereas TDC 
exhibited longer hand path for their non-dominant hand 
(Fig. 5). Hand speed peak bias did not show a significant 
difference between groups with only a small effect size 
(p = 0.20–1.00, η2p =0.00–0.02). Regarding the effect of 
age, a main effect was found for reaction time difference, 
with a large effect size (p < 0.001, η2p=0.34, Fig.  3B) and 
hand speed difference with a small effect size (p = 0.04, 
η
2
p=0.05, Fig. 3B), indicating that older children exhibited 

less differences between hands for both groups.

Object‑hit task (OH)
Bimanual coupling parameters of the OH task showed 
a significant difference between groups, but only with a 
low to medium effect size (hand transition: p < 0.001, η2p

Partial eta squared
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Bar tilt standard deviation

Bar length variability

Hand speed difference

Hand speed peak bias
Hand path length bias

Reaction time difference

Mean bar tilt

Bar tilt standard deviation

Bar length variability
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Hand path length bias

Hand bias hits

Hand transition

Movement area bias

Hand speed bias

Hand selection overlap

Bimanual coordination factor
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A. Main effect - Group B. Main effect - Age
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Fig. 3 Effect sizes (partial eta squared) with their 90% confidence interval from the ANCOVA investigating the difference in bimanual coordination 
between uCP and TDC for the main effect of group (A) and age (B). Partial eta squared is classified and presented in red (low effect size), yellow 
(medium effect size) and green (large effect size). A filled symbol (diamond or circle) represents a significant difference with p ≤ 0.05
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=0.10; hand selection overlap: p = 0.05, η2p=0.05), indicat-
ing that children with uCP crossed the workspace further 
with their dominant hand and required more space to 
use both hands effectively compared to TDC. Interlimb 
differences in the OH task showed that children with 
uCP hit more balls, moved more and faster with their 
dominant hand compared to their non-dominant hand, 
illustrated by large effect sizes (hand bias hits: p < 0.001, 
η
2
p=0.27; movement area bias: p < 0.001, η2p=0.22; hand 

speed bias: p < 0.001, η2p=0.34), resulting in more differ-
ences between hands in comparison to TDC. No signifi-
cant age effects were found with only low effect sizes for 
the bimanual parameters of the OH task (p = 0.14–0.90; 
η
2
p=0.00–0.04).

Circuit task
The circuit task showed a significant difference in 
bimanual coupling between groups with a large effect 
size (bimanual coordination factor: p < 0.001, η2p=0.31), 
showing that children with uCP performed the circuit 

task more sequentially compared to TDC. A significant 
influence of age was found for this parameter with a large 
effect size, showing that better coordination was present 
in older children in both groups (p < 0.001, η2p=0.39).

Comparison of bimanual parameters between MACS‑levels
We selected the parameters that exhibited large differ-
ences between children with uCP and TDC, with the goal 
of prioritizing parameters that reflect reduced bimanual 
coordination in children with uCP. This selection resulted 
in three bimanual coupling parameters (BOB and circuit 
task) and seven interlimb difference parameters (BOB 
and OH task). Figure 4 provides a summary of the effect 
sizes for this selection, while Fig. 5 presents the individ-
ual data points with post-hoc comparison. Due to three 
parameters (BOB task level 1 and 2: hand path length 
bias, OH task: movement area bias) exhibiting an interac-
tion effect with age, a moderate regression analysis was 
conducted, leading to two separate analyses (ANCOVA 
and moderated regression) in this objective. Tables with 

Table 2 Overview of ANCOVA of bimanual parameters between children with uCP and TDC

ANCOVA  analysis of covariance, TDC  typically developing children, uCP  unilateral cerebral palsy, CI  confidence interval, P-value* = adjusted P-value with false discovery 
rate of 0.05 for multiple comparison, η2

p = partial eta square, ↑ = higher value is better bimanual coordination, ↓ = lower value is better bimanual coordination, 
bold = significant p-value ≤ 0.05

Parameters Mean (95% CI) Grouping Age

TDC uCP P* (η2
p) P* (η2

p)

Ball-on-bar task: Level 1

Mean bar tilt (Rad,↓) 0.02 (0.02–0.04) 0.06 (0.04–0.08) 0.01 (0.09) 0.95 (0.00)

Bar tilt standard deviation (Rad,↓) 0.07 (0.07–0.09) 0.12 (0.10–0.15)  < 0.001 (0.18) 0.17 (0.02)

Bar length variability (%,↓) 3.40 (3.04–3.77) 3.84 (3.47–4.24) 0.14 (0.03) 0.17 (0.02)

Hand speed difference (%,↓) 43.32 (40.93–45.86) 47.82 (45.19–50.61) 0.03 (0.06) 0.11 (0.03)

Hand speed peak bias (#/#,↓) 0.03 (0.02–0.04) 0.04 (0.03–0.06) 0.20 (0.02) 0.86 (0.00)

Hand path length bias ( cm
cm

,↓) − 0.02 (− 0.03–(− 0.01)) 0.03 (0.01–0.05)  < 0.001 (0.23) 0.56 (0.00)

Reaction time difference (s, ↓) 0.04 (0.04–0.05) 0.07 (0.06–0.08)  < 0.001 (0.36)  < 0.001 (0.34)
Ball-on-bar task: Level 2

Mean bar tilt (Rad,↓) 0.02 (0.01–0.02) 0.03 (0.03–0.04) 0.01 (0.09) 0.58 (0.00)

Bar tilt standard deviation (Rad,↓) 0.05 (0.05–0.06) 0.07 (0.07–0.08)  < 0.001 (0.20) 0.57 (0.01)

Bar length variability (%,↓) 3.09 (2.73–3.51) 3.39 (2.99–3.83) 0.38 (0.01) 0.09 (0.04)

Hand speed difference (%,↓) 40.37 (38.63–42.20) 48.03 (44.98–51.29)  < 0.001 (0.19) 0.04 (0.05)
Hand speed peak bias (#/#,↓) 0.03 (0.01–0.04) 0.03 (0.01–0.04) 1.00 (0.00) 1.00 (0.00)

Hand path length bias ( cm
cm

 , ↓) − 0.03 (− 0.04–(− 0.02)) 0.02 (0.00–0.04)  < 0.001 (0.21) 0.73 (0.00)

Object-hit task

Hand transition (m, ↓) − 0.01 (− 0.02–0.00) − 0.03 (− 0.04–(− 0.02))  < 0.001 (0.10) 0.90 (0.00)

Hand selection overlap (‑, ↑) 0.11 (0.09–0.12) 0.13 (0.11–0.14) 0.05 (0.05) 0.09 (0.04)

Hand bias hits (#/#, ↓) 0.06 (0.04–0.08) 0.19 (0.15–0.23)  < 0.001 (0.27) 0.49 (0.01)

Movement area bias ( cm
2

cm2 ,↓) 0.00 (‑0.05–0.05) 0.19 (0.14–0.23)  < 0.001 (0.22) 0.14 (0.03)

Hand speed bias ( cm/s

cm/s
 , ↓) 0.02 (0.00–0.05) 0.19 (0.13–0.24)  < 0.001 (0.34) 0.31 (0.01)

Circuit task

Bimanual coordination factor
(arb. unit,↑)

0.31 (0.30–0.32) 0.26 (0.25–0.27)  < 0.001 (0.31)  < 0.001 (0.39)
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the descriptive statistics of all the parameters are pro-
vided in the Additional files 3, 4, 5.

Ball‑on‑bar task (BOB)
The BOB task showed that for the bimanual coupling 
parameters, the bar tilt standard deviation of both 
levels, were influenced by the MACS-levels with high 
effect sizes. This indicates that children with lower 
manual ability or MACS level lll presented greater 
variability in bar tilt or reduced bimanual coupling 
(bar tilt standard deviation; level 1: p = 0.02,η2p=0.18; 
level 2: p < 0.001, η2p=0.36), compared to children with 
MACS l (p = 0.01) in level 1 and to MACS l (p < 0.001) 
and ll (p < 0.02) in level 2. For interlimb differences, 
level 1 of the BOB task demonstrated less difference 
between hands for reaction time with a high effect size 
(p < 0.001, η2p=0.40) in MACS I compared to MACS II 
(p < 0.001) and MACS III (p < 0.001). No difference was 
found between children with a MACS level ll and lll 

(p = 0.62). Moreover, moderated regression indicated 
no moderation of age and no significant differences in 
hand path length bias between MACS-levels for both 
levels of the BOB task with only low effect sizes (inter-
action: p = 0.37, η2p=0.04; main effect MACS-levels: 
p = 0.15–0.67, η2p=0.01–0.08; main effect age: p = 0.05–
0.19, η2p=0.07–0.15). For the second level of the BOB 
task, hand speed difference was significantly differ-
ent between groups with a high effect size (p < 0.001,η2p
=0.51), indicating that children with a MACS-level lll 
showed more difference in speed between hands com-
pared to MACS l and ll (MACS I-II-III: p ≤ 0.02).

Object‑hit task (OH)
For the OH task, the hand bias hits and hand speed bias 
did not show a significant difference between MACS-
levels, despite moderate effect sizes (hand bias hits: 
p = 0.15, η2p=0.10; hand speed bias: p = 0.20, η2p=0.12).  
Figure  5G and I show a trend indicating that children 

Bar tilt standard deviation

Reaction time difference

Bar tilt standard deviation

Hand speed difference

Hand bias hits

Hand speed bias

Bimanual coordination factor

Partial eta squared Partial eta squared

Hand path length bias
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Fig. 4 Effect sizes (partial eta squared) with their 90% confidence interval from the ANCOVA (A, B) and moderated regression (C–E) investigating 
the difference in bimanual coordination in children with uCP across different MACS‑levels for the selection. For the ANCOVA, the effect 
sizes for the main effect of MACS‑levels (A) and age (B) is presented. Effect sizes are shown for the moderated regression for the interaction 
between MACS‑levels and age (C) and main effect of MACS‑levels (D) and age (E). Partial eta squared is classified and presented in red (low), yellow 
(medium) and green (large). A filled symbol (diamond, circle or square) represents a significant difference with a p ≤ 0.05
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Fig. 5 Individual data points with back‑transformed mean for the parameters of the ball‑on‑bar (A–F), object‑hit (G–I) and the circuit task 
(J). Results of the differences between MACS‑levels in children with uCP is presented in solid lines if a significant main effect of MACS‑levels 
was present. TDC  typically developing children (blue), uCP  unilateral cerebral palsy, MACS  manual classification system (level l = turquoise, level 
ll = green, level lll = purple)
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with lower manual ability displayed greater interlimb dif-
ferences. Lastly, moderated regression indicated that age 
significantly moderated the difference in OH task move-
ment area bias across MACS-levels with a high effect size 
(interaction: p = 0.01, η2p=0.16). This means that inter-
limb differences in movement area increased with age in 
children with MACS-level lll, while they decreased with 
age in children with MACS level I (b = − 0.04, t = − 3.13, 
p = 0.003). No relation with age was found in children 
with MACS level II (b = −  0.04, t = −  2.94, p = 0.01) 
compared to children with MACS lll. Furthermore, no 
moderating effect of age (b = 0.00, t = − 0.35, p = 0.71, η2p
=0.006) and no significant difference was found between 
MACS-levels l and ll (b = 0.02, t = 0.22, p = 0.82, η2p
=0.002), with only small effect sizes.

Circuit task
The bimanual coordination factor of the circuit task 
showed no significant difference between MACS-levels 
with a moderate effect size (p = 0.32,η2p=0.07).

Relation between bimanual and unimanual or task 
execution parameters
Similar to previous objective, we utilized the same selec-
tion of parameters to emphasize those that exhibit a large 
difference between uCP and TDC. An overview of the 
correlation coefficients between the selected bimanual 
and unimanual and task execution parameters in chil-
dren with uCP can be found in Fig. 6. Correlation matrix 
including all parameters can be found in additional file 
Additional file 6.

Relation between bimanual and task execution parameters
For the BOB task, bimanual coupling was moderately 
related with the task execution parameters, showing 
that higher bar tilt standard deviation was associated 
with a lower number of completed targets in both lev-
els  (rs = − 0.54–(− 0.63), p < 0.001), slower time to target 
 (rs = 0.54, p < 0.001) in level 1 and more drops in level 2 
 (rs = 0.61, p < 0.001). More interlimb differences in path 
length between hands of children with uCP was mod-
erately associated with a higher time to target in level 1 
(r = 0.54, p < 0.001) and more difference in speed between 
both hands was moderately related to a lower number 
of completed targets  (rs = − 0.63, p < 0.001) and a higher 
time to target  (rs = 0.58, p < 0.001) in level 2. Lastly, 
more difference in reaction time between hands was 
highly related to reaching less targets (targets complete, 
 rs = − 0.77, p < 0.001) and needing more time to reach the 
target (time to target,  rs = 0.72, p < 0.001) in level 1.

For the interlimb differences of the OH task and 
bimanual coupling parameter of the circuit task, only no 
to low correlations were found (r and  rs = −  0.46–0.44, 
p = 0.001–0.96).

Relation between bimanual and unimanual parameters
For bimanual coupling of the BOB task, no correlations 
were found between the bar tilt standard deviation and 
the unimanual parameters of both hands in both lev-
els  (rs = −  0.21–0.13, p = 0.15–0.95). Hand speed of 
the non-dominant hand was moderately associated to 
hand path length bias in the first level of the BOB task 
(r = − 0.60, p < 0.001) and lowly related in the second level 
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 (rs = − 0.48, p < 0.001), showing that a higher speed of the 
non-dominant hand was related to less interlimb differ-
ences for hand path length. Also, higher speed and more 
speed peaks of the non-dominant hand were only lowly 
related to less reaction time difference in the first level of 
the BOB task  (rs = − 0.44–(− 0.33), p = 0.004–0.03).

For the OH task, the parameter hand bias hits was 
highly related to the hits of the non-dominant hand 
(r = − 0.75, p < 0.001) and movement area bias to move-
ment area of the non-dominant hand  (rs = −  0.62, 
p < 0.001), respectively. Hand speed bias was moder-
ately correlated with all unimanual parameters of the 
non-dominant hand, where more interlimb asymme-
try in hand speed was related to fewer hits (r = −  0.66, 
p < 0.001), slower hand speed  (rs = −  0.65, p < 0.001) and 
less movement area  (rs = −  0.50, p < 0.001) of the non-
dominant hand.

Discussion
Our findings indicate that children with uCP demonstrate 
impaired bimanual coordination, which can be estab-
lished using the Kinarm exoskeleton robot, as shown by 
increased bimanual coupling deficits (BOB and circuit 
task) and interlimb differences (BOB and OH task) com-
pared to TDC. Interestingly, some of these impairments 
showed improvement as children get older, but the differ-
ence between groups remained the same. Our results also 
demonstrated that bimanual coordination was associated 
with manual ability, particularly for the BOB and OH 
tasks, showing that a worse manual ability was related 
to worse bimanual coordination. Furthermore, moder-
ate to high correlations were found in children with uCP 
between bimanual coordination and the BOB task execu-
tion parameters. In the OH task, greater interlimb differ-
ences were mainly linked to a worse non-dominant hand 
performance.

Our first aim was to investigate differences in bimanual 
coordination between children with uCP and TDC. For 
the BOB task, children with uCP showed both bimanual 
coupling deficits and more interlimb differences in both 
levels compared to TDC. These results are similar to 
the results found in the adult stroke population, except 
that adult stroke patients showed a greater number of 
impaired parameters of bimanual coordination in the 
first level of the BOB compared to the second level [26]. 
Although research investigating bimanual coordination 
using a symmetrical tray lifting showed that more dif-
ficult task demands, which is represented in the second 
level of the BOB task by the ball’s motion, could lead to 
better bimanual coordination in children with uCP, it also 
showed that it results in more compensational strategies 
[37]. This reasoning, together with the fact that children 
have a shorter attention span compared to adults [38], 

could explain why children with uCP have similar biman-
ual coordination deficits in the second level of the BOB 
task compared to the first level and compared to adult 
stroke patients. Only hand speed difference showed a 
larger difference between groups in the second level of 
the BOB task compared to the first level, as TDC showed 
less interlimb difference whereas children with uCP 
more. This is an  example that higher task demands lead 
to improved bimanual coordination in TDC, whereas it 
decreases in children with uCP possibly due to compen-
satory movement required to prevent the ball from fall-
ing off the bar when the bar is tilted. Second, for the OH 
task, Hawe et al. found significant interlimb differences in 
children with uCP compared to TDC [14], which is con-
sistent with our results. Hence, we may conclude that the 
OH task primarily measures interlimb differences. This 
is not unexpected, since both hands can independently 
execute the task, limiting the amount of bimanual cou-
pling. Lastly, the results of the circuit task revealed that 
children with uCP move both hands more sequentially 
in bimanual tasks than TDC. This was evidenced by a 
notably high effect size, indicating worse bimanual cou-
pling in children with uCP. This is consistent with other 
studies, investigating bimanual coordination with an 
asymmetric drawer opening task, showing that children 
with uCP complete bimanual tasks more consecutively 
[11]. A possible explanation could be the necessity of 
two contrasting components when performing a bilat-
eral complementary task: the spatiotemporal coupling 
of both hands to function as a single unit and the neural 
inhibition of the other hand [39]. In children with uCP, 
the latter may be disrupted due to the presence of mir-
ror movements, which are unintentional movements in 
one hand that mirror the voluntary movements of the 
other hand [40]. Lastly, both the BOB and circuit task 
presented a main effect of age with a large effect size, 
showing that older children with uCP and TDC pre-
sented better bimanual coordination. This is in line with 
the study of Hawe et al. who identified an age effect for 
interlimb differences and bimanual coupling, but only 
for TDC [14]. Our results are interesting as they demon-
strate an improvement in bimanual coordination in older 
children with uCP, yet the differences between them 
and TDC persist. Nevertheless, longitudinal studies are 
needed to confirm these findings.

The second aim examined bimanual coordination dif-
ferences across children with uCP with different levels 
of manual ability. In literature, this has only been inves-
tigated using a 3D motion analysis of a box opening task, 
where children with MACS-level lll performed slower, 
while no variations in bimanual coupling between chil-
dren with different MACS-levels were found [13]. How-
ever, our results showed that children with uCP with 
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worse manual abilities (MACS-level lll) also have poorer 
bimanual coordination, in particular prominent in the 
BOB task. Both bimanual coupling and interlimb differ-
ences were observed, with the second level of the BOB 
task being more effective in distinguishing between all 
three groups, while the first level only had the ability to 
differentiate MACS l from MACS ll and MACS lll. This is 
possibly explained by the fact that the second level of the 
BOB task is more challenging and thus creates more dif-
ferences between MACS-levels. The OH task also iden-
tified interlimb differences in movement area between 
MACS-levels with a moderated influence of age. Sur-
prisingly, the circuit task showed a moderate effect size 
between MACS-levels, yet the result was not significant. 
The small number of participants in the MACS-level 
lll group, resulting in less power, and possibly impaired 
executive function in each MACS-level [41], could pose a 
challenge in finding a significant effect. However, despite 
these interesting results, we expected more differences 
between the MACS-levels to emerge. Performance of all 
tasks could also be influenced by other factors such as 
impairments in rapid motor planning [41], somatosen-
sory or visual deficits [42] and impaired cognition [43], 
which could create more variance between participants 
(Fig. 5) and result in less differences between subgroups 
of children with uCP. Further research is needed to inves-
tigate these differences with a larger sample of children 
with a MACS-level lll and including the influence of co-
morbidities on bimanual coordination. Lastly, to the best 
of our knowledge, our study is the first to indicate a main 
effect of age for bimanual coordination in children with 
uCP. We observed a trend   that children with a MACS-
level l or ll present less interlimb difference (BOB task) 
and better bimanual coupling (circuit task) with increas-
ing age, while children with a MACS level lll were not or 
less influenced by age. The outcome is not unexpected, 
given that the deficits observed in children with a MACS 
level lll may be too severe to exhibit improvement with 
increasing age.

For the third aim, we investigated the relationship 
between bimanual parameters and parameters of task 
execution on the robotic tasks in children with uCP. The 
BOB showed that worse bimanual coupling and more 
interlimb differences are related to a worse task execu-
tion in both levels. On the other hand, both the biman-
ual coordination parameters of the OH and circuit task 
showed no to low correlations with the task execution 
parameters. These findings indicate that the BOB task 
most effectively assesses bimanual coordination skills, 
which is also related to task performance. In contrast, the 
OH task is less impacted by bimanual coordination dif-
ficulties as it can be done with one hand. For the circuit 
task, a possible explanation could be that the cognitive 

demands may have a greater impact on task execution 
than bimanual coordination as explained earlier. Moreo-
ver, the present study investigated the relation between 
unimanual parameters of each hand and bimanual coor-
dination. Our initial hypothesis was that bimanual coor-
dination would be related to unimanual performance of 
both hands. However, our findings indicate that in chil-
dren with uCP, interlimb differences were mainly related 
to the function of the non-dominant hand, specifically in 
the OH task. This supports the prior belief that the OH 
task is less connected to using both hands together and 
is instead more related to the use of the non-dominant 
hand. For the BOB task, most bimanual coordination 
parameters showed no to weak correlations with uni-
manual function of both hands, indicating that there is 
only minimal connection between the unimanual and 
bimanual parameters. As the BOB task is a clear measure 
of bimanual coordination, the absent correlation between 
unimanual and bimanual parameters supports the theory 
that bimanual coordination is more complicated than the 
simple addition of the two hands’ capabilities [2]. Other 
factors like the impairment of neural communication 
between the two sides of the brain, or structural damage 
to the corpus callosum, may be more significant factors 
in explaining limitations in bimanual coordination [39, 
44]. One study has found that a better corpus callosum 
integrity, in particular the splenium region, was associ-
ated with an improved bimanual coupling in children 
with uCP [20]. Nevertheless, more research is needed to 
fully understand the neuropathophysiology of bimanual 
coordination deficits in children with uCP. Lastly, it is 
important to indicate that the unimanual parameters of 
the Kinarm exoskeleton robot only capture task-specific 
aspects of their unimanual performance during the exe-
cution of bimanual tasks and thus not measure their full 
unimanual capacity. Nevertheless, it allowed for a direct 
comparison between bimanual and unimanual perfor-
mance within the same task context, providing valuable 
insights into the relative contributions of each hand to 
bimanual coordination. Although our study provided 
a first insight into the relation between both hands and 
bimanual coordination, more research including different 
aspects of their unimanual capacity is needed.

This study also has some limitations. One of the limita-
tions is the fact that in total, a large number of bimanual 
parameters were included in the statistical analysis. Nev-
ertheless, to account for multiple testing, a false discovery 
rate was implemented. A second limitation is the differ-
ent number of children in the MACS-levels, where only 
seven children with MACS-level lll were included. How-
ever, based on population-based research, it has been 
shown that only 8% of children with uCP are categorized 
in MACS-level lll compared to 55% in MACS l and 32% 
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in MACS ll [45]. Thus, our sample represents the actual 
proportion of MACS levels in the population of children 
with uCP (54% MACS I, 32% MACS II, 14% MACS III). 
However, despite the accurate representation of MACS 
levels within our population, we only included children 
with uCP who had the ability to actively grasp and stabi-
lize an object with their non-dominant hand. Therefore, 
our results should not be generalized to the entire pop-
ulation and should be interpreted with caution. Lastly, 
the Kinarm robot does not provide clear criteria for the 
inclusion of children, except that a booster seat should be 
used for younger children. Nonetheless, based on a small 
pilot study, we observed that only children from the age 
of seven years onwards appeared to have sufficient height 
to perform the tasks on the Kinarm. Furthermore, there 
are no specific inclusion criteria for children with uCP, 
but we did not encounter any additional difficulties in 
this study sample.

Notwithstanding its limitations, this study is the first 
assessing bimanual coordination in a large sample of 
children with uCP using multiple bimanual tasks with 
different requirements on a robotic device. In addition, 
this study offers an initial perspective on the selection of 
important tasks and parameters when using the Kinarm 
exoskeleton robot for the assessment of bimanual coor-
dination in children with uCP. Overall, the symmetrical 
BOB task seems to be the most effective and discrimi-
native task for assessing both interlimb differences and 
bimanual coupling in children with uCP. On the other 
hand, the OH task primarily reflects the interlimb differ-
ences and the circuit task the bimanual coupling deficits 
in children with uCP. However, in order to draw final 
conclusions about the crucial parameters, it is neces-
sary to investigate the impact of bimanual motor control 
deficits on the functional performance of children with 
uCP. Although the Kinarm exoskeleton provides quan-
titative information about bimanual coordination, the 
movements are still limited to the horizontal plane with 
possibly low ecological validity. Despite the fact that the 
results of the BOB were complementary to the more 
functional 3D motion analysis of a tray lifting task, indi-
cating bimanual coupling deficits in children with uCP 
[37], more research is needed investigating the relation 
between robotics and functional measures of bimanual 
function. This further investigation can validate the cur-
rent hypothesis in literature regarding the inability of 
clinical tools, like the AHA, in assessing bimanual coor-
dination [8, 9]. Additionally, it can provide insights into 
the degree to which the Kinarm exoskeleton comple-
ments other assessments of bimanual function. There-
fore, although our research is a promising initial starting 
point, additional investigation is warranted to explore the 
relationship between robotics, clinical tests, and daily 

life performance to better understand the added value of 
robotics and the impact of bimanual coordination deficits 
in this population.

Conclusion
To the best of our knowledge, this is the first study that 
extensively mapped bimanual coordination using dif-
ferent nonpreferred coordination tasks with a robotic 
device investigating bimanual coordination in children 
with uCP and TDC. It showed that the Kinarm exoskel-
eton robot can be used to identify bimanual coupling 
deficits and interlimb differences in children with uCP, 
both in bilateral symmetrical and complementary tasks. 
Moreover, mainly the symmetrical BOB task was able to 
differentiate between children with uCP and varying lev-
els of manual ability, showing children with lower man-
ual abilities have more bimanual coordination deficits. 
Moreover, the coordination deficits measured with the 
BOB task also showed a relation with the task execution. 
Additionally, it appears that the bilateral complementary 
OH and circuit tasks are able to assessing distinct aspects 
of bimanual coordination. The OH task mainly provides 
more information about the larger interlimb differences 
in children with uCP, which are mainly associated with 
diminished functionality of the non-dominant hand. Fur-
thermore, the circuit task provided information about 
the bimanual coupling deficits in children with uCP 
showing equal limitation in children with uCP with dif-
ferent manual abilities. Future research should focus on 
the impact of coordination deficits on the performance of 
daily life activities in children with uCP to further define 
the merit of robotics in assessing bimanual coordination 
and investigate possible neurological correlates to under-
stand the neuropathophysiology of the bimanual coordi-
nation deficits.

Abbreviations
uCP  Unilateral cerebral palsy
TDC  Typically developing children
MACS  Manual ability classification system
BOB task  Ball‑on‑bar task
OH task  Object‑hit task

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12984‑ 023‑ 01278‑6.

Additional file 1. Overview of transformation of the bimanual parameters 
of the Kinarm exoskeleton. Used transformations of bimanual parameters 
for the analysis of covariance between children with uCP and TDC and 
between children with uCP with different MACS levels.

Additional file 2. Overview of the number of children in each ANCOVA 
analysis. A full overview of the total number of included participants 
for the analysis of covariance between children with uCP and TDC and 
between children with uCP with different MACS levels.

https://doi.org/10.1186/s12984-023-01278-6
https://doi.org/10.1186/s12984-023-01278-6


Page 15 of 16Decraene et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:154  

Additional file 3. Effect sizes of the differences in bimanual coordina‑
tion between different MACS‑levels for all bimanual parameters. Effect 
sizes (partial eta squared) with their 90% confidence interval from the 
difference in bimanual coordination in children with uCP with different 
MACS‑levels. For the ANCOVA (A,B): the effect sizes for the main effect of 
MACS‑levels (A) and age (B) is presented. Effect sizes are shown for the 
moderated regression (C‑E) for the interaction between MACS level and 
age (C), main effect of MACS‑level (D) and age (E). Partial eta squared is 
classified and presented in red (low). yellow (medium) and green (large). 
A filled in symbol (diamond, circle or square) represent a significant differ‑
ence with a p ≤ 0.05. MACS = manual ability classification system.

Additional file 4. Overview of ANCOVA of bimanual parameters between 
MACS‑levels in children with uCP. A full overview of the results of the 
analysis of covariance of the bimanual parameters in children with uCP 
with different manual ability classification levels (MACS‑levels). uCP = uni‑
lateral cerebral palsy, SD = standard deviation, MACS = manual ability level, 
P‑value* = adjusted P‑value with false discovery rate of 0.05 for multiple 
comparison, η2p = partial eta square, bold = significance p ≤ 0.05. 

Additional file 5. Overview of moderated regression of bimanual 
parameters between MACS_levels in children with uCP. A full overview 
of the results of the moderated regression of the bimanual parameters 
in children with uCP with different manual ability classification levels 
(MACS‑levels). MACS = manual ability level, uCP = unilateral cerebral palsy, 
BOB = Ball‑on‑bar task, OH = object‑hit task, p = p‑value with signifi‑
cance ≤ 0.05,  R2 = effect size, B = coefficient, t = t‑value, bold = significance 
p ≤ 0.05.

Additional file 6. Correlation coefficients of all unimanual and task execu‑
tion parameters with the bimanual parameters. Pearson and spearman’s 
rank correlation coefficients of the unimanual and task execution param‑
eters with the bimanual parameters of the ball‑on‑bar task (A), object‑hit 
task (B) and Circuit task (C) for the selected parameters in children with 
uCP. DH = dominant hand, NDH = non‑dominant hand, s = spearman’s 
rank correlation.

Acknowledgements
We would like to express our gratitude to all the families and children who 
participated in this research. Additionally, we would like to thank Professor 
Geert Molenberghs for his statistical guidance.

Author contributions
All authors contributed to the study design, data interpretation and editing 
of the manuscript. Data collection was performed by LD, LK, MC. Statistical 
analysis and writing of the paper was conducted by LD. All authors read and 
approved the final manuscript.

Funding
The Flemish Research Foundation (FWO project, G0C4919N) provided financial 
support for this study.

Availability of data and materials
All data concerning this study is available within the manuscript. Detailed data 
is available upon reasonable request to the first author.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee Research UZ/KU Leuven 
(S62906). All parents and children above the age of 12 provided their written 
assent. Written informed consent was obtained by all parents, and children 
above the age of 12 also provided their assent to participation.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
1 Department of Rehabilitation Sciences, Research Group for Neurorehabili‑
tation, KU Leuven, 3000 Leuven, Belgium. 2 REVAL‑Rehabilitation Research 
Centre, Faculty of Rehabilitation Sciences, Hasselt University, 3590 Diepen‑
beek, Belgium. 3 Child and Youth Institute, KU Leuven, 3000 Leuven, Belgium. 
4 Department of Movement Sciences, Research Group of Motor Control 
and Neuroplasticity, KU Leuven, 3000 Leuven, Belgium. 5 Leuven Brain Institute, 
KU Leuven, 3000 Leuven, Belgium. 6 Department of Development and Regen‑
eration, KU Leuven, 3000 Leuven, Belgium. 7 Department of Pediatric Neurol‑
ogy, University Hospitals Leuven,  3000 Leuven, Belgium. 

Received: 19 May 2023   Accepted: 1 November 2023

References
 1. Swinnen SP, Gooijers J. Bimanual Coordination. Vol. 2, Brain mapping: an 

encyclopedic reference. Elsevier Inc.; 2015. pp. 475–482.
 2. Waller SMC, Whitall J. Bilateral arm training: why and who benefits? 

NeuroRehabilitation. 2008;23(1):29–41.
 3. Birtles D, Anker S, Atkinson J, Shellens R, Briscoe A, Mahoney M, et al. 

Bimanual strategies for object retrieval in infants and young children. Exp 
Brain Res. 2011;211(2):207–18.

 4. Graham HK, Rosenbaum P, Paneth N, Dan B, Lin JP, Damiano DiL, et al. 
Cerebral palsy. Vol. 2, Nature reviews disease primers. Nature Publishing 
Group; 2016.

 5. Himmelmann K, Uvebrant P. The panorama of cerebral palsy in Sweden 
part XII shows that patterns changed in the birth years 2007–2010. Acta 
Paediatr Int J Paediatr. 2018;107(3):462–8.

 6. Klingels K, Meyer S, Mailleux L, Simon‑Martinez C, Hoskens J, Monbaliu 
E, et al. Time course of upper limb function in children with unilateral 
cerebral palsy: a five‑year follow‑up study. Neural Plast. 2018. https:// doi. 
org/ 10. 1155/ 2018/ 28313 42.

 7. Holmefur MM, Krumlinde‑Sundholm L. Psychometric properties of a 
revised version of the Assisting Hand Assessment (Kids‑AHA 5.0). Dev 
Med Child Neurol. 2016;58(6):618–24.

 8. Green D. The tyneside pegboard test: balancing clinical utility against 
ecological validity. Dev Med Child Neurol. 2018;60(3):224.

 9. Riquelme I, Arnould C, Hatem SM, Bleyenheuft Y. The two‑arm coordina‑
tion test: maturation of bimanual coordination in typically developing 
children and deficits in children with unilateral cerebral palsy. Dev 
Neurorehabil. 2019;22(5):312–20.

 10. Cacioppo M, Loos A, Lempereur M, Brochard S. Bimanual movements 
in children with cerebral palsy: a systematic review of instrumented 
assessments. J NeuroEng Rehabil. 2023. https:// doi. org/ 10. 1186/ 
s12984‑ 023‑ 01150‑7.

 11. Hung YC, Charles J, Gordon AM. Bimanual coordination during a goal‑
directed task in children with hemiplegic cerebral palsy. Dev Med Child 
Neurol. 2004;46(11):746–53.

 12. Sleimen‑Malkoun R, Temprado JJ, Thefenne L, Berton E. Bimanual training 
in stroke: how do coupling and symmetry‑breaking matter? BMC Neurol. 
2011;11(1):11.

 13. Rudisch J, Butler J, Izadi H, Zielinski IM, Aarts P, Birtles D, et al. Kinematic 
parameters of hand movement during a disparate bimanual move‑
ment task in children with unilateral Cerebral Palsy. Hum Mov Sci. 
2016;46:239–50.

 14. Hawe RL, Kuczynski AM, Kirton A, Dukelow SP. Assessment of bilateral 
motor skills and visuospatial attention in children with perinatal stroke 
using a robotic object hitting task. J Neuroeng Rehabil. 2020;17(1):1–12.

 15. Scott SH, Dukelow SP. Potential of robots as next‑generation technology 
for clinical assessment of neurological disorders and upper‑limb therapy. 
J Rehabil Res Dev. 2011;48(4):335–54.

 16. Dobri SC, Ready HM, Davies TC. Tools and techniques used with 
robotic devices to quantify upper‑limb function in typically devel‑
oping children: a systematic review. Rehabil Process Outcome. 
2020;9:1179572720979013.

 17. Kuczynski AM, Semrau JA, Kirton A, Dukelow SP. Kinesthetic deficits after 
perinatal stroke: robotic measurement in hemiparetic children. J Neuro‑
eng Rehabil. 2017;14(1):1–14.

https://doi.org/10.1155/2018/2831342
https://doi.org/10.1155/2018/2831342
https://doi.org/10.1186/s12984-023-01150-7
https://doi.org/10.1186/s12984-023-01150-7


Page 16 of 16Decraene et al. Journal of NeuroEngineering and Rehabilitation          (2023) 20:154 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 18. Kuczynski AM, Kirton A, Semrau JA, Dukelow SP. Bilateral reaching deficits 
after unilateral perinatal ischemic stroke: a population‑based case‑control 
study. J Neuroeng Rehabil. 2018;15(1):1–13.

 19. Kuczynski AM, Kirton A, Semrau JA, Dukelow SP. Relative independence 
of upper limb position sense and reaching in children with hemiparetic 
perinatal stroke. J Neuroeng Rehabil. 2021;18(1):1–13.

 20. Eliasson AC, Krumlinde‑Sundholm L, Rösblad B, Beckung E, Arner M, 
Öhrvall AM, et al. The Manual Ability Classification System (MACS) for 
children with cerebral palsy: scale development and evidence of validity 
and reliability. Dev Med Child Neurol. 2006;48(07):549.

 21. Wang TN, Howe TH, Liang KJ, Chang TW, Shieh JY, Chen HL. Bimanual 
motor performance in everyday life activities of children with hemiplegic 
cerebral palsy. Eur J Phys Rehabil Med. 2021;57(4):568–76.

 22. Jovellar‑Isiegas P, Cuesta García C, Jaén‑Carrillo D, Palomo‑Carrión R, Peña 
Alonso C, Roche‑Seruendo LE. Somatosensation and motor performance 
in the less‑affected and more‑affected hand of unilateral cerebral palsy 
children: a cross‑sectional study. Disabil Rehabil. 2022;1–11.

 23. House JH, Gwathmey FW, Fidler MO. A dynamic approach to the thumb‑
in palm deformity in cerebral palsy. J Bone Jt Surg. 1981;63(2):216–25.

 24. Kinarm. Dexterit‑E 3.9 User Guide. Kingston; 2021.
 25. Yeganeh Doost M, De Xivry JJO, Bihin B, Vandermeeren Y. Two processes 

in early bimanual motor skill learning. Front Hum Neurosci. 2017;20:11.
 26. Lowrey CR. A novel robotic task for assessing impairments in bimanual 

coordination post‑stroke. Int J Phys Med Rehabil. 2014;s3:002.
 27. Tyryshkin K, Coderre AM, Glasgow JI, Herter TM, Bagg SD, Dukelow SP, 

et al. A robotic object hitting task to quantify sensorimotor impairments 
in participants with stroke. J Neuroeng Rehabil. 2014;11(1):47.

 28. Lee DK. Data transformation: a focus on the interpretation. Korean J 
Anesthesiol. 2020;73(6):503–8.

 29. Long JS, Ervin LH. Using heteroscedasticity consistent standard errors in 
the linear regression model. Am Stat. 2000;54(3):217–24.

 30. Hayes AF, Cai LI. Using heteroskedasticity‑consistent standard error esti‑
mators in OLS regression: an introduction and software implementation. 
Behav Res Methods. 2007;39:709–22.

 31. Leppink J. Analysis of covariance (ANCOVA) vs. moderated regres‑
sion (MODREG): why the interaction matters. Health Profess Educ. 
2018;4(3):225–32.

 32. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. J R Stat Soc: Ser B (Methodol). 
1995;57(1):289–300.

 33. Javanmard A, Montanari A. Online rules for control of false discovery rate 
and false discovery exceedance. Ann Stat. 2018;46(2):526–54.

 34. Gravetter FWL. Statistics for the behavioral sciences (6th edition). Bel‑
mont: Thomson Wadsworth; 2004.

 35. Hinkle DEWWJS. Applied statistics for the behavioral sciences. Boston: 
Houghton Mifflin; 1998.

 36. Postma M, Goedhart J. Plotsofdata—a web app for visualizing data 
together with their summaries. PLoS Biol. 2019;17(3):e3000202.

 37. Hung YC, Zeng W. Accuracy constraints improve symmetric bimanual 
coordination for children with and without unilateral cerebral palsy. Dev 
Neurorehabil. 2020;23(3):176–84.

 38. Fortenbaugh FC, Degutis J, Germine L, Wilmer JB, Grosso M, Russo K, et al. 
Sustained attention across the life span in a sample of 10,000: dissociat‑
ing ability and strategy. Psychol Sci. 2015;26(9):1497–510.

 39. Sleimen‑Malkoun R, Temprado JJ, Berton E. A dynamic systems approach 
to bimanual coordination in stroke: implications for rehabilitation and 
research. Medicina (B Aires). 2010;46(6):374–81.

 40. Woods BT, Teuber HL. Mirror movements after childhood hemiparesis. 
Neurology. 1978;28(11):1152–1152.

 41. Hawe RL, Kuczynski AM, Kirton A, Dukelow SP. Robotic assessment of 
rapid motor decision making in children with perinatal stroke. J Neuro‑
eng Rehabil. 2020;17(1):1–11.

 42. Mutalib SA, Mace M, Ong HT, Burdet E. Influence of visual‑coupling on 
bimanual coordination in unilateral spastic cerebral palsy. IEEE Int Conf 
Rehabil Robot. 2019;2019‑June:1013–8.

 43. Kolk A, Talvik T. Cerebral lateralization and cognitive deficits after congeni‑
tal hemiparesis. 2002;27(5):356–62.

 44. Hung YC, Robert MT, Friel KM, Gordon AM. Relationship between integrity 
of the corpus callosum and bimanual coordination in children with 
unilateral spastic cerebral palsy. Front Hum Neurosci. 2019;13:1–8.

 45. Arner M, Eliasson AC, Nicklasson S, Sommerstein K, Hägglund G. Hand 
function in cerebral palsy. Report of 367 children in a population‑based 
longitudinal health care program. J Hand Surg. 2008;33(8):1337–47.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	In-depth quantification of bimanual coordination using the Kinarm exoskeleton robot in children with unilateral cerebral palsy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Participants
	Robotic assessment of bimanual coordination
	Apparatus and test administration
	Bimanual coordination tasks
	Parameters

	Statistical analysis

	Results
	Participants
	Comparison of bimanual parameters between children with uCP and TDC
	Ball-on-bar task (BOB)
	Object-hit task (OH)
	Circuit task

	Comparison of bimanual parameters between MACS-levels
	Ball-on-bar task (BOB)
	Object-hit task (OH)
	Circuit task

	Relation between bimanual and unimanual or task execution parameters
	Relation between bimanual and task execution parameters
	Relation between bimanual and unimanual parameters


	Discussion
	Conclusion
	Anchor 30
	Acknowledgements
	References


