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Synopsis

This study examines how the human brain responds to robot performance during human-
humanoid robot physical collaborations via fNIRS. Participants interacted with a humanoid robot in
collaborative lifting and mimicry tasks. During the sessions, participants’ prefrontal cortex (PFC)
activity was recorded. The results show that the erroneous robot elicits PFC activity during the
mimicry task, while the congruent robot elicits more PFC activity during the lifting task. The findings
reveal the multi-faceted role of PFC in goal-directed and socially evaluative collaborations with
humanoid robots, which can provide valuable insights toward more effective and adaptive human-
humanoid robot physical collaborations.

Background

As the use of robots drastically increases in our everyday lives, the possibility of having more
engaging physical human-robot collaborations (pHRC) becomes a key challenge [1]. However,
there is still limited understanding regarding the operation of the human brain and behavior when
robots succeed or fail in these physical collaborations, more so from a naturalistic perspective [2].
In addition, pHRC research specifically focusing on humanoid robots remains limited compared to
other robot types such as robotic arms [3; 4]. Functional near-infrared spectroscopy (fNIRS) is a
non-invasive functional neuroimaging technigue that is feasible to be deployed in complex tasks
such as pHRC [5]. In this study, we examined how robot performance (congruent vs. erroneous)
and task difficulty (easy vs. medium vs. hard) affected neural responses during naturalistic
physical human-robot collaborations using fNIRS.

Methods

Twenty-four adult participants (mean + SD = 25.63 £ 4.11) participated in the study. Participants
interacted with Pepper, a humanoid robot (Softbank Robotics) in two physical collaborative tasks
over the span of four back-to-back days (Fig. 1a). In the goal-oriented collaborative lifting task,
participants and Pepper lifted a platform with an item on top of it without dropping (Fig. 1b). In the
Mimicry task, Pepper demonstrated a series of physical collaborative movements with
participants, such as high fiving, handshaking, fist bumping, hand clapping, or hand-raising (Fig.
1c). Throughout these four sessions, Pepper had two different robot performances: In the
congruent performance, Pepper made minimal errors, while in the erroneous performance, Pepper



made multiple mistakes, which consists making wrong movements or giving incorrect instructions.
During both tasks, participants prefrontal cortex activity is collected via fNIRS. The exposure
orders of robot performance were counter-balanced in two groups, one group interacting with the
congruent robot in the first two days, and then the erroneous robot, while the other group had the
reverse order.
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Figure 1. (a) Experimental protocol. (b) Lifting task. (c) Mimicry task. (d) PFC activity regarding
robot performance during the lifting task. (e) PFC activity regarding robot performance during
mimicry the task.

Results

For fNIRS results in terms of task difficulty, we found expected results, where hard tasks elicited
more PFC activity compared to other difficulties in both lifting (L dIPFC: F2s473= 4.90, p = 0.011,
Np?=0.02; L mPFC: F25472= 3.84, p = 0.022, n,?= 0.01; R mPFC: F;5473=4.95, p = 0.011, n,?=0.02;
R dIPFC: Fzs47.= 7.02, p = 0.004, ny,?>= 0.03) and mimicry tasks (L dIPFC: Fzs35=5.99, p = 0.009,
Ne?=0.01; L mPFC: F,g35=4.96, p = 0.009, n,?= 0.01; R MPFC: Fzg35=5.35, p = 0.009, n,*=0.01; R
dIPFC: F,e35= 3.68, p = 0.026, n,>= 0.01) . Regarding the effect of robot performance on the lifting
task (Fig. 1d), we have found that congruent robots elicited more activity over L mPFC (F1s47= 8.53,
p= 0014, r]p2= 002), R mPFC (F1,547= 729, p= 0014, r]p2= 001), and R dIPFC (F11547= 442, pP=
0.048, n,?>=0.01) compared to erroneous robots. As for the mimicry task (Fig. 1e), we found that
there was significantly higher activity in L dIPFC (F1ss = 9.78, p = 0.008, n,>= 0.01), L mPFC
(Fissa = 5.24, p = 0.029, n,*> = 0.01), and R mPFC (Fig = 5.39, p = 0.029, n,* = 0.01) while
interacting with erroneous robots compared to congruent ones.

Discussion

Our results revealed that during the goal-directed lifting task, congruent robot performance led to
more activity in L mPFC, R mPFC, and R dIPFC regions, which are associated with joint action and
behavioral planning [6; 7]. On the other hand, in the socially evaluative mimicry task, the erroneous
robot elicited higher activity at L dIPFC, L mPFC and R mPFC regions, which are associated with
action monitoring and error observation [8; 9]. These findings revealed the multifaceted role of the
PFC depending on whether the task context of physical collaboration is goal-directed or socially



evaluative. The findings have broad implications for pHRC and demonstrate that PFC activity can
provide valuable insights into the user assessment during pHRC with a humanoid robot, which can
chart a brain informed path toward building humanoid robots that are effective, trustworthy, and
adaptive while teaming up with humans in physical tasks.
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