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Electropermanent Magnet-Based Fast-Response and Variable
Stiffness Ball-Socket Joint for Continuum Robots
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Abstract: Variable stiffness mechanisms have been extensively studied to address the limitations of
continuum robots that have poor stability and positioning accuracy due to their compliant structures.
However, existing approaches still suffer from fundamental drawbacks, such as slow response times
and the need for continuous power to maintain stiffness, which restrict stiffness performance of the
robots. In this study, we propose an electropermanent magnet (EPM)-based ball-socket joint designed
for fast and energy-efficient stiffness modulation in continuum robots. The designed joint is equipped
with an EPM actuator that adjusts the magnetic attraction between internal components, thereby
controlling the contact friction within the joint. In the experiments, the actuator’s response time was
measured to be less than 2 ms. Moreover, the maximum stiffness variation ratio was evaluated to be
approximately 94.6. These results demonstrate that the proposed joint has great potential for
enhancing the operational capabilities of continuum robots in various applications.
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[Fig. 1] Functional prototype of the variable-stiffness ball-socket
joint using electropermanent magnet actuator embedded
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[Fig. 2] Schematic diagram of the joint’s structural configuration
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(c) Change in joint stiffness resulting from the magnetic field
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[Fig. 3] Schematic diagram of the working principle
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[Fig. 4] Experimental characterization of the actuator
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[Fig. 5] Voltage and current measurement through the coil
during switchable operation, showing latency before reaching
the EPM ON state

S AL g A A71E

QA F)a 34 S T A BeaA 2= 61

th20 2, HEofo|el 7t EASIE| QLS W o] Al M -gH
=5 B7Iskh [Fig. 5= OFF eI 25E ON el A
Bho| El= S AU AF -SHOE HojErh E}%Pﬂﬂ
9] 2914 HAT}F0.8 ms B A7FEl= 2AA AFE 63
(peak)E BT T, QU7F A7to] B X520 2 ZhAgi
o]=R-L 9424 S E4& Kol FAlo] A3ofolEj 7}t &

F

ZF AFe] AZRS ZU7|7HA] A 7F X Sdo] B Ehe ot 2= 9t}
Eﬂi‘%l‘i‘iﬁﬁv OI7}S W) AT k9 4 ATIA] AFS T
0.31 ms Yol 0AZ S=Fstglom, Q17 At 18 V RANAE

OF 24.5 A7HA] =Rt & 0.99 ms T A A=A o] AHE &
> Ade] 27100l 2ol v 2 77 2=, T 71 XA Al
Zhe HRltk 8o = Eﬁlo}i A 7 AR o= g2

ol & 3£ NS AT e

74 734 ZOIE] 4A S AFE] 9191715 RS
shol 744 24 AL &
Q1 E

Hojgroh X9

(©)

Ykt [Fig 6= 28 A=

o] 3

Motorized
linear stage

Laser displacement
sensor

0.15

Torque (N-m)

0 0.005 0.01 0.015 0.02
Angular displacement (rad)

(b) Stiffness measurement results with varying input voltages

[Fig. 6] Experimental evaluation of the joint’s variable stiffness
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[Table 1] Experimental results of the joint’s variable stiffness
under varying input voltages

Mode Input voltage (V) Stiffness (N-m/rad)
6 0.0523
8 0.0901
10 0.1793
ON 12 0.1994
14 0.2191
16 0.2270
18 0.2044
OFF 18 0.0024
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