
Biomimetic robots for the study 
of social behavior in fish 
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Social behavior  
= 
 
 

interact with conspecifics 

Individuals 
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Brockmann et al. 2019 

Individual-based simulations 

Couzin et al. 2003 J theor Biol 



The problem is…  
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Jolles et al. 2020 TREE 

…all groups are made of individuals! 



Individuals… 

• mutually influence 
each other 

 

• differ from each 
other (in many traits) 

 

• are not easy to 
control 
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Jolles et al. 2020 TREE 

Ioannou et al. 2013 AmNat 

How can we study social behavior when we have so 
many variables (individuals) we cannot control? 



Can we do more than just observe? 
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We can take control of some 
individuals! 
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Butail et al. 2015 Robot Fish 
Ruperto et al. 2016. RSOS 

Bierbach et al. 2018 RSOS 

Romano et al. 2019 Hydrobiologica 
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What do we have and what do we 
need? 

Bonnet et al. 2019 SciRobot 

Prerequisite: for social interaction studies:  
Live animals accept the robot as conspecific!  

Butail et al. 2015 Robot Fish 
Ruperto et al. 2016. RSOS 

Bierbach et al. 2018 RSOS 10 September 2023 10 



Prerequisite: Acceptance of the robot 
as conspecific!  
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Landgraf, Bierbach et al. 2016 BB 



What do we have and what do we 
need? 
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Open-loop behavior – standardized 
cues 

• Do fish differ in social 
responsiveness? 
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Bierbach et al. 2020 Front. Bioeng. Biotechnol.  

Jolles et al. 2020 TREE 



Open-loop behavior 
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Lukas et al. 2021 Front. Ecol. Evol. 

2x speed 



Individual differences in following! 

  

Repeatabiltiy (N=30 fish, 3 repeats) Estimate Lower 95CI Upper 95CI P-Value 

Distance to Robofish 0.31 0.22 0.42 0.012 

Velocity Cross Correlation 0.32 0.23 0.43 0.011 

Transfer Entropy 0.28 0.18 0.38 0.025 
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Open-loop behavior – standardized 
cues 

• Do fish differ in social 
responsiveness? 

• What makes a leader: Size or 
Behavior? 
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Bierbach et al. 2020 Front. Bioeng. Biotechnol.  

Jolles et al. 2020 TREE 



Bierbach et al. 2020 Front. Bioeng. Biotechnol.  
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What do we have and what do we 
need? 
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Still there is individual variation 

Fish ID 1: 
good follower 

Fish ID 2: 
bad follower 

Robot is leading 

Robot is recruiting 

Distance to Robofish 

Distance to Robofish 
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How crucial are speed differences? 
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The perfect follower 

Jolles et al. 2020 BiolLett 
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How do speed differences affect social 
behavior? 

Jolles et al. 2020 BiolLett 

10 September 2023 25 



Speed differences affect collective 
patterns  
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Jolles et al. 2020 BiolLett 



Ability to adjust social interactions through 
anticipation 

Definition:  

Anticipation means that an agent predicts its social 
partners’ future behavior and adapts its own behavior 
according to that prediction (after Poli 2019). 
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Mate choice 

Social foraging 

Predator-prey 



Ability to adjust social interactions through 
anticipation 

Social foraging:  
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Fish reached last corner before the robot 

S1    S2 S1    S2 S1    S2 

Fish turnt before the robot 



Integration of anticipatory behaviour into 
artificial agents 

10 September 2023 29 Landgraf et al. 2021 AnnuRev 
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Integration of anticipatory behaviour into 
artificial agents 
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Baseline Robofish behavior 
(interactive) 



Integration of anticipatory behaviour into 
artificial agents 
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Baseline Robofish behavior 
(interactive) 

Anticipation Robofish behavior 
(adaptive) 

-when fish flees, approach slower 
-when fish stays, approach faster 

Anticipation: avoiding of a 
social partner must be 
answered with more 
carefull approaches 

Maxeiner et al. 2023 BB 



Proof of concept 
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The experiment 

Hypothesis:  
 

Robofish that adapts its approach 
behaviour based on the live fish‘s 
observed avoidance will be 
better accepted as leader!  
 
avoidance  carefull approach 
no avoidance normal approach 

Maxeiner et al. 2023 BB 



Proof of concept 
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Biomimetic robots 

• provide standardized social cues 

• can decouple behavior from morphology 

• allow to test predictions through precise 
manipulation 

• reduce number of used animals during 
experimentation 
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