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Abstract 026

From rough-and-tumble play to carrying objects together, children frequently 027

engage in physical interactions. Adults use the haptic information provided by 028

such interations to exchange motion plans and improve individual motor per- 029
formance during physically coupled tasks; but whether children possess this

. N o . . 030

haptic communication ability, and how it relates to sensorimotor development, 031
is not known. To address these questions, we developed a dedicated paradigm

for school-aged children, and conducted a study with 56 children (28 dyads, 5- 032

17 years) using a gamified wrist-tracking task while mechanically coupled via a 033

dual robotic interface. We found that tracking error decreased with age and was 034

further reduced when children were connected to a partner. As in adults, con- 035

necting to a more-skilled partner improved performance, whereas connecting to 036

a less-skilled partner did not significantly degrade it. These results indicate that 037

school-aged children can exploit haptic communication during cooperative action 038

despite their still-developing sensorimotor skills. 039
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1 Introduction

When children carry a box together, play tug-of-war, or engage in rough-and-tumble
play, what do they infer about their partner from the forces they feel? In adults,
partners rapidly adapt to each other’s movements through the exchange of forces,
a form of information transfer termed haptic communication (HC) [1]. HC enables
physically connected adults to improve joint performance compared to the solo per-
formance of even the more skilled partner [2]. Benefits of HC have been demonstrated
across diverse tasks, including reaching [3-5], tracking [1, 2, 6], navigation over via
points [7], ball-beam control [8], and beam-walking [9]. It can also facilitate motor
learning [10, 11], thus motivating applications in rehabilitation and skill acquisition.
Despite this evidence in adults, it is not known whether HC is already present during
childhood and, if so, whether children use it differently from adults.

Children engage in social interaction from the first weeks after birth, and begin to
actively contribute to joint actions during their second year, although their capabilities
remain limited until around five years of age [12-14]. Effective haptic communica-
tion, as a specific form of joint action, requires partners to estimate their own body
state, perceive interaction forces, and integrate these different sources of information
[1] — processes that mature across childhood at different rates. It is known that
infants can discriminate basic haptic properties and perform grasping actions within
their first year [15, 16], while proprioceptive sensitivity and sensorimotor coordina-
tion continue to improve with age [17]. Furthermore, multisensory integration develops
gradually. Although children aged 6-7 can combine uncertain sensory information
with prior knowledge in simplified settings [18], integration of visual and haptic cues
remains suboptimal until about 8 years, with reliance on cue recalibration strategies
[19, 20]. In parallel, motor control becomes progressively more stable, where move-
ment smoothness, variability, and adaptive learning approach adult levels only between
approximately 8 and 11 years of age [21-25].

These findings indicate that the underlying mechanisms of haptic communication
follow distinct developmental trajectories, making it unclear whether haptic com-
munication is available in children and how this ability as a whole emerges during
development. To investigate its development during childhood, we adapted an existing
protocol previously used to study haptic communication in adult dyads [1]. Analo-
gously, we conducted an experiment in which pairs of children (aged 5 to 17 years),
connected via a virtual elastic band that provided haptic feedback, performed a gam-
ified joint tracking task (Fig.1). This paradigm allowed us to test a key signature of
haptic communication: whether school-aged children (i) improve performance when
connected with a better partner, while (ii) maintain performance with a less-skilled
partner [1, 2]. It also enabled us to examine how these effects vary with partner
characteristics such as age difference.



2 Results

2.1 A tracking experiment for school-age children

Fifty-six children (26 female, 30 male), aged 5-17 years (mean = 10.28, SD = 2.88),
were organized into 28 dyads. The number of dyads in each age group is reported in
Table 1 (Supplementary Information A). The children sat next to each other, separated
by a curtain, and tracked a pseudo-random target trajectory on a monitor. They
controlled an on-screen cursor via the wrist flexion/extension of their dominant arm
using the Hi5 dual robotic interface [26] (Fig. 1a,b). Trials were performed either alone
(solo trial) or while the two partners of a dyad were mechanically connected by a
virtual elastic band (connected trial). The experiment comprised a training phase of
10 solo trials, followed by a testing phase of 40 trials in which connected and solo trials
alternated (Fig. 1c). Fig. 1d displays representative trajectories during the connected
and solo phases.

Several modifications had to be carried on the protocol tested in adults [27] to
ensure that the children were comfortable and engaged. First, we replaced the target
and cursor with a fruit-like target and a Pac-Man-like cursor to clarify the tracking
goal (see Fig.1b), and added video-game-style background music, where both music
and visuals varied between trials. A connection stiffness of k = 1.7 Nm/rad was selected
during pilot sessions so that the children perceived interaction forces yet could not rely
solely on their partner. We also reduced the number of trials, and scheduled breaks
with snacks and additional activities (e.g., 3D printing, AR games). Children were
permitted to speak with their partner, parents, or the experimenter, but were asked
not to discuss experiment-related information. When needed, an experimenter or a
parent remained near children to provide comfort while the curtain separated them
from their partner. Finally, after every trial, children received a score reflecting tracking
accuracy, which was found to be a critical motivator. With these modifications, all 56
children successfully completed the study, indicating that the protocol was effectively
implemented and suitable to analyze haptic communication in children dyads.

2.2 How performance changes with age

We evaluated the tracking performance using the root mean square error (RMSE)
between the cursor and the target, and examined how it depends on age and connec-
tion with a condition-specific quadratic mixed-effect model (Fig.2a). We considered
data during trials 37-50, i.e. after the last break, where the RMSE did not change sig-
nificantly (slope of the regression line not different from 0, 8 = —0.032, ¢(721.026) =
—1.444, p = 0.149, see Supplementary Information B).

The tracking error decreased with age in both the solo and connected conditions
(F(1, 33.92) = 22.038, p < 0.0001), where the age-related decline was steeper in the
solo condition (F(1, 721.07) = 15.007, p = 0.0001). Across ages, connected trials
yielded lower errors than solo trials (F(1, 33.92) = 22.038, p < 0.0001). The per-
formance plateaued from 13 years in the connected condition and from 12 years in
solo, as indicated by regression slopes that were not significantly different from zero in
these age-restricted windows (connected: 5 = —0.044, ¢(10) = —0.118, p = 0.909,
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solo: f = —0.332, t(17.94) = —1.257, p = 0.225). When younger participants were
included (connected: age < 12, solo: age < 11), the slope became negative, reflecting
improvement with age.

As shown in Fig. 2b, movement smoothness (during trials 37-50) increased with age
(F(1, 53.91) = 11.745, p = 0.001) and did not differ between the solo and connected
conditions (F'(1, 722.05) = 1.228, p = 0.268). This aligns with prior work in adults
[28], indicating that the mechanical connection between partners did not constrain the
participants’ movements.

2.3 Children use haptic communication

To investigate whether the performance improvements observed in connected tri-
als reflected haptic communication, we examined how the effects of the connection
depended on the partner’s ability. To avoid any positive bias from learning, we defined
improvement as the tracking error in each connected trial minus the tracking error in
the following solo trial, and plotted it (Fig. 2c) against the difference in the solo-trial
error relative to the partner (relative performance). We then fit a linear mixed-effects
model to assess the contributions of child age, partner age, and relative performance
to improvement.

While age influenced solo performance (Fig.2a), it did not significantly predict
improvement in connected trials (F'(1, 25.64) = 2.001, p = 0.169). By contrast, age
difference (F'(1, 46.36) = 17.519, p = 0.0001) and the partners’ relative performance
(quadratic term: F'(1, 748.63) = 12.674, p = 0.0004) were robust predictors. Con-
sistent with adults data [27], improvement as a function of relative solo performance
showed a non-negative, nonlinear increasing trend (Fig.2c), suggesting that children
are also capable of haptic communication. Performance improved when paired with a
better partner (Fig.2d,ii; V' = 395, p < 0.0001, two-sided one-sample Wilcoxon test
with respect to a zero baseline) and did not deteriorate significantly with a less-skilled
partner (Fig.2d,i; V = 241, p = 0.399).

Although the color code in Fig. 2¢ illustrates that improvement also depended on
age difference, with younger participants generally benefiting from an older partner
(Fig.2d,iv; V' = 381, p < 0.0001), this improvement is not solely driven by the
partner’s age. Notably, interacting with a younger partner did not significantly impair
tracking (Fig.2d,iii; V = 273, p < 0.230), and interaction with an older partner
improved tracking (Fig. 2d,iv). To assess whether younger children in our sample can
use haptic communication, we examined improvement for participants aged 5, 6, and
7 years old (see colored dots in Fig. 2d). It is noted that our sample did not include 5-
or 6-year-olds paired with a less skilled partner, however, six 7-year-olds did interact
with less skilled partners. In this group, improvement was positive (median =0.024°,
IQR = 2.54), indicating that connection to a less-skilled partner did not impair—and
could benefit—performance. For 7-year-olds interacting with a better, younger, or
older partner, median improvements were also positive (better: median = 0.860, IQR
= 1.98; younger: median = 0.858, IQR = 2.36; older: median = 0.649, IQR = 2.48),
showing that in children as young as 7 years performance improves across partners of
different skill levels and ages.



2.4 Simulation Results

The experimental results suggest that pairs of interacting children use haptic commu-
nication in a manner similar to that observed in connected adults [2]. The results also
reveal a clear effect of age on both solo and connected tracking performance (Fig. 2a),
as well as an effect of age-difference on the partner’s improvement (Fig. 2c). Are these
age related effects the result of developing capability for haptic communication, or can
they be explained by only considering sensorimotor development?

To investigate these questions, we simulated the experiment with 28 virtual dyads.
To examine the effect of age, we matched each experimental participant’s tracking
error (i.e., skill level) with a corresponding simulated agent. We then considered two
models to describe how the participants would interact with one another: i) co-activity,
i.e. the partners are coupled mechanically but no information is exchanged over the
haptic channel; and ii) that the dyads engage in haptic communication using the model
from [27].

As can be seen in Fig. 3a, considering only the mechanical coupling between the
partners and the developing sensorimotor skill cannot explain the experimental results,
where the benefits of the mechanical connection decrease or increase with the partner’s
skill [2, 27]. However, adding the ability to interpret the interaction force of the partner
as task relevant and then integrating that information into their motion plan leads to
a trend in the improvement that is consistent with the experimental data (Fig.3b):
haptic communication increases the improvement of tracking performance with a more
skilled partner and does not deteriorate it with a less skilled partner. These results
highlight the importance of haptic communication in children. Moreover, the similar
solo and combined performance (Fig.3c) of the simulated participants suggests that
sensorimotor development largely accounts for the observed age-related effects.

3 Discussion

This work investigated whether and how 28 dyads of children, aged between 5 and 17,
use haptic communication. This was investigated using a gamified one-DoF tracking
task that was adapted from prior work on adults [27], where children wrists flexion/ex-
tension movements were coupled together via a virtual elastic band. The results show
that tracking performance improved with age in both the solo and connected con-
ditions, and mechanical coupling reduced errors across ages. As in adults, children
improved when connected to a better partner, and connection with a less-skilled part-
ner did not impair their behavior. This yields evidence that school-aged children use
haptic communication, where our sample demonstrates this for children as young as
seven. Simulations that matched child skill to an established model of haptic inter-
action reproduced the age-related trends, suggesting that sensorimotor development
can account for much of the observed age dependence without needing a separate
age-specific maturation of haptic communication.

Age was found to be a strong predictor of tracking performance, with younger chil-
dren exhibiting larger errors than older children (Fig.2a). This pattern aligns with
developmental literature that shows progressive refinement of sensorimotor control
across childhood, with movement smoothness and accuracy approaching adult-like
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levels between 8 and 11 depending on the task [23, 25]. Younger children also dis-
play greater kinematic variability and larger errors than older children and adults
[21, 22, 24, 29]. Such developmental differences likely contributed to the effect of part-
ner age difference on improvement (Fig.2c,d), as the partner’s relative error strongly
correlated with age difference (but not with age).

Adapting the adult paradigm from [27] enabled us to probe haptic communication
from the age of five, with the statistical evidences supporting clear HC ability from
seven years upward. Whether younger children can use this ability—and whether it
is innate or acquired—remains open. The observation that school-aged children can
infer a partner’s motion plan through haptic interaction despite elevated sensorimotor
noise suggests an early-emerging capacity.

Compared with adult cohorts (e.g. in [2, 27]), children exhibited less homoge-
neous tracking ability within dyads. Several factors may have contributed to this
broader variability. First, adapting the protocol for children (using gamified visuals
and music, end-of-trial scoring, fewer trials with longer breaks, and allowing conver-
sation with their caretaker) likely altered performance and motivation relative to the
previous adult studies. In particular, the larger target/cursor from the gamified visu-
als likely increased tracking error, akin to adding sensory noise [30]; importantly, the
experimental setup/task was the same across participants and thus unlikely to drive
age-difference findings. Second, interaction roles (e.g., leader—follower dynamics [31])
may contribute to higher relative performance differences. In particular, younger chil-
dren may be more passive, becoming partially guided from older siblings, as the more
skilled individual tends to co-contract muscles and thus lead the interaction [32-34].

Haptic communication requires an ability to integrate visual and haptic informa-
tion into ongoing motor planning [1]. It is therefore possible that the observed age
related effects in performance are caused by development in the integration of this
information. While visuo-haptic and audio-haptic integration develop with age [35, 36],
with evidence suggesting near-optimal visuo-haptic integration in some tasks by about
8 years [35] and later maturation [37], our simulations indicate that age-related dif-
ferences in sensorimotor skill can largely explain the observed improvement patterns.
Therefore, additional age-specific maturation of multisensory integration is not nec-
essarily required to explain the experimental results, though it may still contribute
to adult level tracking performance. Using dyads systematically matched in age (to
reduce sensorimotor confounds) could clarify whether haptic communication ability
itself strengthens with age.

From early coordinated interactions—such as between twins in utero [38] — to
rough-and-tumble play and manipulating objects together, physical interaction is com-
mon throughout development, with joint action evident from about 2 years of age [12].
To our knowledge, this study provides the first clear evidence of haptic communica-
tion in children, through mutual benefits to both the less and more skilled partners.
These results suggest that school-aged children not only integrate visual and haptic
inputs but also incorporate partner-derived information into their motion plans. Such
interactive sensorimotor models reflect an ability to infer and adapt to a partner’s
behavior, which may be critical for the development of social interaction. Haptic com-
munication may constitute a basic social behavior, where the process of inferring and



adapting to a partner’s behavior represents a step in developing social understand-
ing. The paradigm developed for this study could therefore be potentially used to
investigate social-interaction differences, in particular those associated with autism.

4 Methods

The experiment was granted ethical approval by the Joint Research Compliance
Office at Imperial College London (reference 151C2470). Written informed con-
sent was obtained from participants’ legal guardians, and children provided written
age-appropriate assent prior to participation. It was carried out by 56 children (26
female and 30 male), aged 5-17 years old (mean = 10.28, sd = 2.88), organized into
28 dyads. Most dyads involved siblings (except for two dyads that involved school
friends). The handedness of each participant was determined using the Edinburgh
Handedness Inventory [39]. Their Laterality Quotient (in [-100,100]) was on average
64.9, with sd = 52.4. All participants were naive about the experimental conditions.
46 participants reported some experience with haptic controllers such as joysticks or
gaming controllers other than touchscreens, 49 reported to regularly play video games
from 0.25 to 35 hours/week (mean = 7.18, sd = 7.32).

4.1 Experimental setup and procedure

Participants were tested in dyads as illustrated in Fig.la. They were separated by
a curtain, where each participant sat in front of an individual monitor, with their
dominant hand placed on one handle of the dual robotic interface Hi5 [26]. This robotic
interface allows for the study of one degree-of-freedom wrist flexion/extension motions
and can independently apply computer-controlled torque on each wrist. The interface
was controlled at 1000 Hz, while wrist angle and torque data were recorded at 100 Hz.

The participants were asked to control a cursor visualized on the monitor as a Pac-
Man-like character (Fig.1b), whose position was controlled by their dominant wrist
flexion/extension angle ¢(t). They were instructed to move the character so that its
center (displayed as a cross that moved with the character) “captured” (i.e., tracked)
a fruit-shaped target “as accurately as possible”. The target’s position ¢(t) (measured
in degrees) changed according to a smooth pseudo-random trajectory:

¢(t)= —15.65in(0.48 t*) + 3.2sin(1.12 ) + 18.8 sin(1.48 t*) — 21.2sin(2.56 t*) ,
tr=t+ty, 0<t<T, (1)

where ¢ is the time in seconds, and each T' = 20s long trial started from a randomly
selected starting time {to € [0,7], ¢*(to) = 0} to minimize learning of the trajectory.
The target trajectory ¢(t) was mapped to horizontal pixel numbers 2 on the monitor
according to x = 5q as shown in Fig. 1b, so that a 1° wrist flexion corresponds to a
movement of the character 2.1 mm to the left on the monitor.

Video-game-style 8-bit background music was played throughout the trial. To keep
the children engaged during the study, both the music track and the fruit target
changed between trials. The fruits were chosen to have comparable pixel sizes on the
monitor, and the music tempo was kept similar across tracks (approximately 100 beats
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per minute) to minimize the potential effects of target identity or background music
on the children’s tracking performance.

The participants tracked the moving target either alone (solo trial) or while being
mechanically connected to their partner through a virtual elastic band (connected
trial). The selected stiffness K =1.7 Nm/rad was chosen to ensure that interaction force
could be perceived without the ability for participants to rely purely on their partner.

The experimental protocol is depicted in Fig. 1c. To familiarize participants with
the interface and the task, the experiment began with a training phase in which they
tracked the moving target for ten solo trials. This was followed by a testing phase,
in which participants completed 40 trials alternating between solo and connected
conditions, such that each connected trial was immediately followed by a solo trial.

4.2 Procedure modification for a children experiment

The experiment was originally designed as a standard controlled laboratory study
using a similar, but shorter, protocol to that used with adults in [27]. However, during
pilot testing, several adjustments to the protocol, procedure, and task were necessary
to ensure feasibility and suitability for testing with children.

First, the tracking task used in previous studies (e.g., [27]), which required following
a moving dot on a screen, was not appealing or engaging to younger participants, who
often did not understand why they should be tracking the target line. Therefore, the
target and cursor were replaced with a fruit and a Pac-Man-like character. Children
were told that for the Pac-man to “eat” the fruit, they needed to move it so that it
stayed as close to the fruit as possible.

In developing the main experiment, different stiffness levels were tested for the
connected trials: {28.5, 2.9, 1.7, 0.8} Nm/rad. The two more rigid levels were found
to provide too much guidance to the children, where it was reported that “the robot
did everything for me and I did not have to move at all.” The lowest level was found
to provide insufficient feedback, where many pilot participants reported that they did
not notice the change between the first ten training trials and the rest. Therefore, this
experiment used 1.7 Nm/rad, which was perceived in connected trials as force feedback
and allowed them flexibility in their motions.

The experiment consisted of 50 trials. Because the task was repetitive, it could
become monotonous for children, leading to loss of interest or distraction. To mitigate
this, five different fruit visualizations were created, and the visualization was changed
from trial to trial. The background color was also varied from black to lighter greys
every ten trials, creating a sense of level progression in the game. A simple music
accompaniment was added to maintain attention, with themes rotated among six dif-
ferent melodies across trials. Across all trials, the melodies were kept to a similar
tempo, complexity and timbre since it was noticed in the pilot studies that differ-
ences in the musical background were reflected in the performance/perception of the
participants.

Another major adaptation to the protocol used in [27] was the introduction of
breaks during the experiment. Each trial lasted 20 seconds, yielding approximately 17
minutes of robot use during the main trial block. However, children often found the
task monotonous and could experience discomfort due to their hand being connected to



the robotic interface, with the forearm fixed in a constant position. Therefore, children
were allowed to take short breaks for snacks and drinks. During these breaks, they were
also offered a tour of the laboratory showcasing some of the latest developments and
letting them try some technologies (e.g. Microsoft HoloLens 2) and even to 3D-print
small souvenirs to take home. Following the pilot phase, two breaks were implemented
within the main trial block and participants were encouraged to take at least 10
minutes for each break, during which they left the experimental room. The timing of
these breaks was kept flexible and depended on each child’s preferences and needs.
Most commonly, the breaks were taken after trials 17 and 36. This procedure improved
comfort for children and helped minimize fatigue effects.

Different to [27], the children were also allowed to speak with each other or with
their parents during the experiment if they wished, since it was noticed that, espe-
cially for the younger participants of ages five to six, it was quite difficult to exclude
communication in the unknown environment of the robotics lab. However, partici-
pants were asked not to discuss the experiment, what they felt or their score with
others. When necessary, an experimenter or a parent remained near younger children
to provide comfort while the curtain separated them from their partner. Moreover,
in pilot sessions without performance feedback, children did not remain well focused
on the task. Introducing a performance score was critical to ensure engagement and
task focus. Therefore, the score—defined as the average position error between the
Pac-Man’s center and the fruit target—was displayed at the end of each trial.

All these factors and adjustments can potentially have an impact on the collected
data, and make the comparison with the data from adults more difficult. Nonetheless,
we believe that individualization of the procedure for each child, especially of different
age ranges, is necessary to support participants’ comfort and sustained task focus
throughout the study.

4.3 Data analysis

Trials were excluded from the dataset when experimenters flagged anomalies (e.g., a
child looking to a parent rather than the monitor), which were subsequently confirmed
via visual inspection of the tracking data. To preserve the experimental structure
analysis, exclusions were applied in pairs: if a solo trial was compromised, the preceding
connected trial was also removed; if a connected trial was compromised, the subsequent
solo trial was removed. Through these criteria, 20 trials were removed (of altogether
1120 trials: 4 trials for 3 dyads and 2 trials for an additional 4 dyads).

We analyzed performance across connected and solo trials using the last 14 (of
50) trials, as participants on average took their final break between trials 36 and 37.
We verified that there were negligible changes in these last 7 trials of each condition
(see Supplementary Fig. 4; regression line slope not significantly different from 0 (8 =
—0.032, t(721.026) = —1.444, p = 0.149). To exclude reaction time, we omitted the
first second of each trial from analysis, retaining 19 seconds of tracking data (see Fig.
1d). Participants’ performance was assessed using the root mean square tracking error
(RMSE) between the cursor (¢q) and target (¢*) angles as well as the spectral arc
length (SPARC) smoothness [40].
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To estimate the influence of a child’s age as well as the effect of the condition (solo
or connected), we fit a linear mixed-effects model on the RMSE (Fig. 2a) and motion
smoothness (Fig. 2b). Here, this model incorporated fixed effects of the age (centered
around its minimum value using age. = age — 5), conditions and their interaction, as
well as random intercepts for participants nested within dyads, such that

RMSE = age. - condition + (1|IDgyed/IDindividuat) » (2)

using REML with Satterthwaite degrees of freedom. This baseline model was compared
with a shared-curvature model (age? without interaction) and a condition-specific
model (age? - condition), each with identical random effects and estimated by maxi-
mum likelihood for comparison (see Supplementary Information C). Likelihood Ratio
Tests indicated that the condition-specific quadratic model fit better than both
the baseline model (x?(2) = 9.96,p = 0.007) and the shared-curvature model
(x3(1) = 6.17, p = 0.013). For pairwise comparisons, we used tailored contrasts with
Holm-Bonferroni adjustment of p-values.

We then identified the age range over which performance remains approximately
constant. For this, we additionally fit a condition-specific linear mixed model

RMSE = age + (1 | IDdyad/IDindividual) (3)

with progressively expanding age windows starting from the upper tail (oldest par-
ticipants). For each window, we tested the model’s against zero and formed 95%
confidence intervals. We defined the onset of non-plateau as the youngest age at which
the slope became significantly different from zero when extending the window towards
younger ages.

To examine how the connection changed performance, we computed the improve-
ment score by subtracting each participant’s tracking error in a connected trial from
their tracking error in the following solo trial (see Fig2c). We related this improve-
ment to the participants’ age, age difference between the partners and their relative
performance (the between-partner difference in solo trial tracking error), using a lin-
ear mixed-effects model with random intercepts for participants nested within dyads
(see Supplementary Information D):

RMSE—-RMSE, = age-(age,—age)-(RMSE—RMSEy)+(1|IDayaa/IDindividual)-

(4)
We then compared this baseline model to one with quadratic term of relative part-
ner performance (without interaction) keeping same random effects using Likelihood
Ratio Test. Since the variance explained by the second model was higher (x?(1) =
12.33, p = 0.0004), it was retained for statistical analysis.

Finally, we investigated whether participants improved with respect to a zero base-
line, depending on whether their partner was (i) less skilled, (ii) better, (iii) younger
or (iv) older (Fig2d). For this, after testing for normality, we conducted four two-sided
one-sample Wilcoxon tests, with Holm-Bonferroni adjustment of p-values. Addition-
ally, to assess whether younger children in our sample could use haptic communication,
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we visually examined improvement for participants aged 5, 6, and 7, and reported
descriptive statistics (median and IQR) of the 7-year-olds.

4.4 Simulation

We evaluated the effect of age on the participants using 56 simulated participants
(grouped in 28 dyads). As in [27], wrist control was modeled as a discrete-time linear
controller acting on a double-integrator system describing the wrist flexion/extension
angle gq. The state-space dynamics at time step k were given by

— — | _ |1t |10
i1 = Aqp + B(ug + 7)), Qk—[qk]7 A—{O 1}, B_lidt/]':|7 (5)

where A and B denote the state and input matrices, dt is the time step and I = 0.002
kgm? the wrist’s moment of inertia (as defined for experiments with the Hi5 robot in
[27]). The simulated control input was computed via the linear feedback control law

up = = Ly (a—a}) + Lo(in—37) . (6)

where L, and L, are the proportional and derivative gains determined to minimize

a physiological quadratic cost function of error and effort [41], and qA’,: denotes the
simulated participant’s trajectory estimate. In solo trials 7, = 0. In connected trials

7 = 1.7q5 + 0.0286 g, . (7)

with fixed stiffness (in Nm/rad) and damping (in Nm/rad s).

Two different models were used to consider how partner’s interacted with one
another. In the co-activity model, the simulated participant was modeled as linear
quadratic estimation (LQE), in which the measurement z; was given by

Zy = gk — qj, + (8)

where u € N(0,3,) characterizes the visual noise naturally present in the participant’s
tracking. In this model, haptic interaction was modeled as only an input force due to
the mechanical coupling.

In contrast, in the haptic communication model, haptic interaction was modeled
as both an input force that can assist target tracking and as augmented sensory
information that can improve the participant’s estimate of the current task state. In
this model, the partner estimate ¢* integrates visual feedback with haptic information
from the interaction. Specifically, the participant’s own target (from vision) is fused
with the partner’s target estimate (jA* inferred from the haptic interaction. Here, z

was given by
23
qr — 4, 14
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ii € N(0,%}) characterizes the haptic noise, which is composed of the partner’s visual
noise X3 and additional noise resulting from the viscoelasticiy of the virtual band X,
such that >, = X5 + 2.

The effect of age was incorporated into this simulation model through the vari-
ance X,. Participants were simulated using the above interaction model, where 3,
(which represented the participants sensorimotor skill) was determined by mapping
each participant’s solo trial performance to an equivalent skill level, consistent with the
relationship between skill level and visual noise identified in [30]. Here, this mapping
followed the method in [27], with an additional scaling factor (obtained as the best fit
between the two datasets) to account for differences in trajectories and cursor types.

Data availability

Data can be provided on request.

Code availability

The code used for analysis can be provided on request.
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Table 1 Number of dyads per participant age. Each element of the 761

table denotes the number of dyads for a given participant age pair (as 762

given by the row and column). Dashes denote that there were no dyads for

the given age pair. 763
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B Performance across trials

Figure 4 shows how the tracking RMSE and SPARC smoothness evolved over the trials.
The RMSE evolution indicates that there was some learning in the initial 10 (solo)
training trials, whereas the performance was consistent across the last 14 trials (i.e.
7 trials of each condition), as indicated by a linear-regression slope not significantly
different from 0 (statistics provided in the main text).
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C RMSE modeling of age-dependent tracking
performance

To evaluate the effect of connection and age on the test-phase RMSE, we fit a linear
mixed-effects baseline model with fixed effects for centered age age. = age — 5,
condition solo/connected, and their interaction, and random intercepts for participants
nested within dyads. Estimation used REML with Satterthwaite degrees of freedom.
Fixed effects estimates and degrees of freedom are summarized in Table 2. Model
fit indices were marginal R?> = 0.347 and conditional R?> = 0.733. Scaled residuals
showed heavy tails (approximately —3.78 to 6.89), motivating subsequent evaluation
of higher-order models.

Fixed effects Estimate SD DF t-value p-value

Intercept 13.174 0.571 57.743 23.057 <0.0001

agec -0.759 0.080 49.941 -9.464 <0.0001

conditioNconnected -2.387 0.260 722.067 -9.204 <0.0001

agec : conditioNconnected 0.228 0.043 722.067 5.261 <0.0001
Table 2 Fixed-effects estimates for baseline mixed effect model of
RMSE.

We then investigated whether adding quadratic age terms increased explained vari-
ance. Two quadratic models were fit: a shared-curvature model with age? (without
interaction, see Table 3) and a condition-specific model with age? * condition (Table
4), both with the same random effects and estimated by maximum likelihood for com-
parison. Adding a shared quadratic age (age?, no interaction) yielded only marginal
improvement over the linear model (x?(1) = 3.79,p = 0.052; AAIC = 1.79
(negligible); ABIC = +2.87 (worse)). In contrast, allowing for condition-specific cur-
vature improved the fit over a single shared curvature (x?(1) = 6.17,p = 0.013;
AAIC = 4.17, meaningful; ABIC = +0.49, slight penalty for complexity) and
over the baseline model (x%(2) = 9.96, p = 0.007; AAIC = 5.96, meaningful;
ABIC = +0.49, slight increase).

Fixed effects Estimate SD DF t-value p-value
Intercept 13.952  0.662 59.427 21.086 <0.0001
agec -1.175  0.221 36.294 -5.318 <0.0001
conditionconnected -2.387 0.259  724.071 -9.216 <0.0001
agei 0.039  0.020 33.925 1.993 0.054
agec : conditioNconnected 0.228 0.043 724.071 5.268 <0.0001

Table 3 Fixed-effects estimates for shared curvature mixed effect
model of RMSE.

Under the condition-specific quadratic fit, the tracking error decreased with age
in both conditions (F (1, 33.92) = 22.038, p < 0.0001). Here, the decline was steeper
for solo trials (slope at age 5: fage = —1.36 RMS/year; 95% CI = [—1.87, —0.89])
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Fixed effects Estimate SD DF  t-value p-value
Intercept 14.281  0.675 64.186 21.169  <0.0001
age. -1.357  0.233 44.631 -5.831 <0.0001
conditionconnected -3.044  0.369  724.070 -8.249  <0.0001
agei 0.057  0.021 43.052 2.714 0.010
agec : conditionconnected 0.592 0.152  724.070 3.882 0.0001
conditionconnected : agei -0.035 0.014  724.070 -2.490 0.013

Table 4 Fixed-effects estimates for condition-specific curvature
mixed effect model of RMSE.

and milder for connected trials (ABcondition,age = +0.59; 95% CI = [0.29, 0.89]).
The curvature though indicated diminishing returns, especially in the solo condi-
tion (Bage2 = 40.057; 95%C1 = [0.015, 0.102]) with smaller curvature in connected
(ABeondition.ager = —0.035; 95% CI = [—0.063, —0.007)).

D RMSE modeling of tracking performance
improvement with connection

To evaluate the effect of age, partner age, and performance difference on improvement,
we fit a linear mixed-effects baseline model with relevant fixed effects and interactions,
and random intercepts for participants nested within dyads (REML with Satterthwaite
degrees of freedom). Fixed effects estimates and degrees of freedom are reported in
Table 5. Random-effects standard deviations were 0.802 (dyad intercept), 0.653 (indi-
vidual within dyad), and 1.890 (residual). Model fit indices were marginal R?> = 0.334
and conditional R? = 0.488. Scaled residuals showed heavy tails (approximately
—4.744 to 6.010), motivating evaluation of higher order.

Fixed effects Estimate SD DF t-value  p-value
Intercept 0.968  0.829 26.485 1.167 0.254
age, — age 0.724  0.181 48.806 3.998 0.0002
age -0.010 0.078 26.128 -0.128 0.900
RMSE — RMSE, 0.203  0.118 633.395 1.716 0.087
RMSE — RMSE, : age, — age -0.032 0.026  659.356 -1.245 0.214
RMSE — RMSE, : age 0.011  0.012  646.105 0.888 0.375
age, — age: age -0.045 0.017 46.589 -2.689 0.010
RMSE — RMSE, : age, — age : age 0.006  0.003  626.360 2.367 0.018

Table 5 Fixed-effects estimates for baseline mixed effect model of improvement.

We then investigated whether adding a quadratic term in relative performance
improved fit, retaining the same random-effects structure and using maximum
likelihood for comparison (Table6).

Including ((RMSE — RM SE,)? (no interaction) improved fit over the linear model
(x3(1) = 12.33,p = 0.0004; AAIC = 10.3, large; ABIC = 5.7, strong). We
therefore retain the quadratic model for inference.
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Fixed effects Estimate SD DF  t-value p-value
Intercept 0.749  0.879 24.846 0.851 0.403
age, — age 0.776  0.185 46.357 4.186 0.0001
age 0.012  0.083 24.441 0.140 0.890
RMSE — RMSE, 0.191  0.118 641.584 1.628 0.104
(RMSE — RMSE;,)2 0.024  0.007 748.625 3.560 0.0004
RMSE — RMSE, : age, — age -0.062  0.027  705.401 -2.306 0.021
RMSE — RMSE, : age 0.011  0.012  653.365 0.855 0.393
age, — age : age -0.049  0.017 43.596 -2.880 0.006
RMSE — RMSEy, : age, — age : age 0.004 0.003 618.016 1.692 0.091

Table 6 Fixed-effects estimates for quadratic mixed effect model of

improvement.
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Fig. 2 Tracking performance of school-age children in solo and connected (dyad) condi-
tions (during trials 37-50). a) Tracking error decreases with age and is further reduced when
connected. b) Movement smoothness increases with age independent of the connection. c)
Performance improvement, defined as the total tracking error in a solo trial minus the error
in the preceding connected trial, plotted against the difference in the solo-trial tracking error
relative to the partner (relative performance). The resulting non-negative, nonlinear increas-
ing trend is similar to that observed in adults [27], suggesting that school-aged children also
use haptic communication. Each point corresponds to one participant in one of the last 14
trials; the color gradient encodes the partners’ age difference (partner age minus own age).
d) Haptic communication is corroborated, as (i) connection with an older (or better) partner
improves tracking while a younger partner does not impair it; and similarly (ii) a less skilled
partner does not degrade performance while a more skilled partner improves it. Each point
corresponds to one participant using the average of their last 14 trials; the colored dots high-
light children aged 5, 6 and 7, compared to those aged 8-17 (in grey).
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1084 Fig. 3 Simulation of joint tracking in children. Experimental (black) and simulation (green)
1085 improvement with co-activity using only the mechanical connection (a) and with haptic
1086 communication (b). The central lines indicate the mean, and the shaded region the 95%
1087 confidence interval of the linear mixed effect model that best fits the data. c¢) Similar to
1088 the experimental results, simulated haptic communication yields tracking error that decrease
1089 with age and are further reduced when partners are connected.
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Fig. 4 Evolution of performance across trials. a) Tracking RMSE. b) SPARC smoothness. Each
data point represents one participant on a given trial in either the connected or solo condition; all
training-phase trials are solo. Dot color encodes participant age. Solid curves show a locally weighted
polynomial (LOESS) fit with shaded confidence bands. The vertical green line marks the time of the
last break.
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