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A Biomimetic 3-DOF Humanoid Neck Design with
Hybrid Gear-Linear Actuator Mechanism
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Abstract: This paper presents a 3-degree-of-freedom humanoid neck mechanism that mimics human
cervical motion using a differential gearbox and a linear actuator (LA). The system divides the neck
into upper and lower segments to reflect the anatomical transition of rotation centers. A differential
gearbox provides coupled or independent roll-yaw control around the atlas (C1), distributing load
between two motors. Pitch motion is realized by an LA-based parallel mechanism with a passive
magnetic locking structure that shifts the rotation axis between the C7 and C1 cervical regions
according to LA length. The mechanism was controlled in real time via a VR headset and
RS-485-based teleoperation system. The proposed mechanism achieved rotational ranges of Roll
+65°, Yaw £90°, and Pitch —55° to +75°, 144.8%, 126.1%, and 92.9%/115.4% (flexion/extension) of
the average Korean adult cervical range of motion. In teleoperation tests, the mean absolute errors
for Roll, Yaw, and Pitch were 3.10°, 4.44°, and 5.13°, respectively, with all three axes achieving a
range ratio of 95% or above. These results demonstrate high anatomical fidelity and stable
mechanical behavior suitable for real-time teleoperation.
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[Fig. 1] (a) Configuration of the cervical vertebrae!®
(b) Sternocleidomastoid
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[Fig. 2] (a) Modeling of the proposed mechanism (b) Prototype
of the proposed mechanism
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[Fig. 3] (a) Modeling of the differential mechanism (b) Kinematic
variables of the differential gearbox
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[Fig. 4] Cross-sectional view of the passive magnetic locking
mechanism at the C7 and Cl1 joints
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[Fig. 5] Sequential transition of the pitch rotation axis according
to LA length: (a) maximum flexion configuration around C7
with C1 joint locked at 60°, (b) transition phase where C7 joint
is locked at maximum flexion and C1 rotation begins, (c) neutral
configuration (0°) after axis transition to Cl, (d) maximum
extension configuration with full LA extension
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[Fig. 6] Geometric configuration for (a) C7-centered rotation
range and (b) Cl-centered rotation range
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[Table 1] Geometric parameters for the Pitch kinematics
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Constants derived from Eq. (4)
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[Fig. 7] Lookup table for pitch angle to LA control (a)
corresponding LA length (mm) as a function of pitch angle, (b)
converted LA position (pos_tick) as a function of pitch angle.
The slope change near —30° indicates the rotation axis transition
from C7 to Cl. Dashed vertical line indicates the transition
position (-30°) and the neutral position (0°)
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[Fig. 8] Transmission ratio as a function of pitch angle. The
discontinuity at —30° corresponds to the rotation axis transition
from C7 to Cl, and the ratio varies nonlinearly within each
segment, peaking near # = 30°. Dashed vertical lines indicate
the transition position (—30°) and the neutral position (0°)
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[Table 2] Assembly tolerance factors and their contribution to
the Pitch angle offset
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