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Physical cooperation requires real-time coordination between individuals.
This study examines how humans adapt coordination strategies when 

sensory and mechanical conditions change.

EXPERIMENTAL SETUP

Quantify directional interaction and coordination using:
• Beam angle

• Force difference
• Granger–Geweke causality (GGC)

RESULTS- EXCESS FORCE

• 12 dyads (24 participants)
• No verbal communication
• Shared beam control task
• Goal: move beam to target

CONDITIONS

• Baseline (slow & fast)
• Excess force (left / right)
• Visual delay (left / right)

ANALYSIS

• Time windows: 
0–400 ms, 400–800 ms
• Directional coupling via GGC
• Behavioral metrics: angle & force

• Increased directional asymmetry between participants
• Stronger influence from the non-perturbed partner
• Indicates emergence of leader–follower behavior

• Reduced coupling strength at low frequencies (1–3 Hz)
• Delayed participant contributes less to coordination

• Overall decrease in interaction efficiency

RESULTS- BEAM ANGLE

• Early trials show high variability
• Later trials converge toward consistent trajectories

• Improved task accuracy over time

RESULTS- FORCE DIFFERENCE

• Early trials: large force mismatch between participants
• Late trials: reduced force differences

• Indicates improved coordination and effort sharing

• Behavioral improvements align with changes in directional 
interaction patterns.

• Force contributions become more balanced with practice.
• Participants learn to stabilize movement through repetition.

• Coordination adapts to task constraints
• Low-frequency interactions (1–3 Hz) dominate cooperation

• Perturbations alter directional influence between participants
• Stable coordination emerges through practice

KEY FINDINGS

FUTURE WORK

• Incorporate neural measurements (EEG)
• Study longer-term learning effects

• Apply findings to rehabilitation and human-robot interaction
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Fig. 1: Set up of the dual KINARM robots with dividers 
keeping the participants from seeing each other.

Fig. 2: Set up for both the right and left 
participant controlling each side of the 
beam attempting to reach the target in 
the circle.

Fig. 3: GGC spectra during excess force showing increased directional asymmetry between participants.(A) 
0-400 ms window (B) 400-800 ms window.

Fig. 4: Band-averaged GGC during excess force highlighting stronger influence from the non-perturbed 
participant. (A) L R 0-400 ms, (B) R L 0-400 ms, (C) L R 400-800 ms, (D) R L 400-800 ms

Fig. 5: GGC spectra during visual delay showing reduced low-frequency coupling (1–3 Hz).(A) 0-400 ms, (B) 400-800 ms

Fig. 6: Band-averaged GGC during visual delay showing decreased coordination strength. (A) L R 0-400 
ms, (B) R L 0-400 ms, (C) L R 400-800 ms, (D) R L 400-800 ms

Fig. 7: Beam angle trajectories showing reduced variability and more stable movement in later trials. (A) 
Trajectories over all trials, (B) First 5 and Last 5 trials.

Fig. 8: Average force difference during the first and last five 
baseline trials. Later trials show consistently lower force 
mismatch, demonstrating learning effects and more stable 
cooperative behavior over time.

Fig. 9:Handle forces for both participants 
and resulting force difference across 
trials. Early trials show larger mismatches 
and variability, while later trials show 
reduced force differences, indicating 
improved coordination and more 
balanced contributions between 
participants.
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