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Abstract: Rehabilitation training following ankle fractures is essential for restoring normal physiological function of
the ankle joint. Traditional rehabilitation methods are limited, however, by a shortage of rehabilitation specialists,
high labor expenses, and poor therapeutic outcomes. With the integration of modern medicine and robotics,
rehabilitation robot technology has gained widespread attention and application. Current ankle rehabilitation robots
and training methods are predominantly tailored for neurological injury rehabilitation, limiting their applicability to
fracture rehabilitation. To meet the diverse training needs of ankle fracture patients across diverse rehabilitation

stages, an ankle fracture rehabilitation robotic system had been developed, along with passive and active rehabilita-
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tion training methods. First, an ankle fracture rehabilitation robot based on the R-3RRS-P hybrid structure and a ro-
botic control system were developed. The control system facilitated robot motion calibration, rehabilitation training
configuration, real-time data display, and implementation of safety protocols. A position controller based on the
robot’s inverse kinematics was implemented to support passive rehabilitation training, allowing individualized ad-
justment of the training range based on the patient’s fracture condition. For active rehabilitation, active range of mo-
tion training and resistance training modes were developed by integrating a six-dimensional force sensor with a posi-
tion controller and an admittance controller. These modes enable individualized adjustment of the admittance control-
ler parameters based on the patient’s range of motion and strength parameters. Finally, experiments using both pas-
sive and active rehabilitation training were conducted with healthy participants. The results indicate that the robot
demonstrates excellent tracking performance, and all rehabilitation training modes successfully achieve the intended
outcomes. These findings confirm the safety and feasibility of the ankle fracture rehabilitation robotic system and its
associated training methods.

Keywords: ankle fracture rehabilitation robot; parallel mechanism; passive rehabilitation; active rehabilitation
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Fig.1 Model of ankle fracture rehabilitation robot
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Fig.7 Rehabilitation training tests for the participant
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Tab.1 Parameter settings and error results for passive
rehabilitation of the participants

éﬁl% ﬂ”ﬁ%ﬁﬂ U”é}fiﬁ [f]/ (O) eRMS/(o) exrms/%
) e /A -21~40 0.0276 | 0.0452
PN B/ SN BH —21~21 0.0141 | 0.0335

5 B /AT 20 ~ 41 0.0296 | 0.0484
N BN —20~20 0.0159 | 0.0398

3 B/ 24 ~ 44 0.0322 | 0.0474
N BN —22~22 0.0173 | 0.0393

4 B /AT 23~ 45 0.0321 | 0.0472
N EAN R 22 ~24 0.0179 | 0.0407

s B/ TR —21~42 0.0309 | 0.0490
N BN —21~21 0.0201 | 0.0478

6 B/ —22 ~ 44 0.0328 | 0.0497
PN B/ B -22~21 0.0184 | 0.0428

Tt B /A5 0.0309 | 0.0478
N B9 B 0.0173 | 0.0407

Kl 8 FIE 9 PN, Al N LTl B 27 i & R OCT 78 A%
T BT JE AN BN B AN T ) 4w 8 Rl 2 I
i, TERN /S NG, 32 BT I ar 7 I
G, SETERCE T 210, WS s s BEAE 400, A
R B, RS 3 AR, A R, Bl
ARG ER R R 2 R RFTE-0.071 1° ~ 0.080 1°7E [l
. TE B ANEIN 2R, 5233 BT N ST A 32 B
FENE 21°, F s sh AN 21°, eJaaR BT
B, FIFESERL 3 ANYIZRJET, R G0 MR s i 2235 [ Oy
-0.041 6° ~ 0.041 3°.

6 £ ZIRE W BRI AR 1R 2E (erms)
A I iR 2 (enpms) WNFR 1 PR, FEER /5
W, e KA 54 0.032 8°F1 0.049 7% , SF-14
43510 0.030 9°F1 0.047 8% ; 7N FB/AMNEHI 2,
HALARAEAT M 0.020 1°9F1 0.047 8% , F-IIE 451K
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Fig.8 Passive rehabilitation training results for partici-
pant 1 (plantarflexion/dorsiflexion)
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Fig.9 Passive rehabilitation training results for partici-
pant 1 (inversion/eversion)
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Tab.2 Parameter setting for active rehabilitation of par-

ticipants
g5 | g YILFERE/ (°) HBH/N - m)
. B/ 21 ~40 -9.5~13.0
N /AN -21~21 -7.7~85
5 B/ 20 ~41 -15.0~14.0
NS —20~20 -112~12.0
3 B/ 24 ~ 44 -11.0~13.2
NS 22-~22 -9.0~9.6
4 B/ 23 ~45 -7.5~8.0
NS —22-~24 -5.0~55
s B/ 21 ~42 -10.3~10.0
NS -21~21 -6.5~6.5
6 B/ —22 ~ 44 -14.0~13.5
N4 —22~21 -8.0~7.5
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Fig.10 Active range of motion training results for partici-
pant 1 (plantarflexion/dorsiflexion)
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Tab.3 Error results from active range of motion training

gﬁ% U”Zﬁ:ﬁiﬁ erys/ <°) enrms/%0
. /A 0.189 1 03100
NS 0.208 9 0.497 4

5 /A 0.181 4 0.297 4
N BB 0.1770 0.442 4

3 /A 0.1719 0.252 8
NS 0.141 4 0.3359

4 /A 0.203 6 0.299 4
N B/ 5B 0.1929 0.448 4

s /A 0.160 7 0.255 1
NS 0.161 0 0.383 4

p /A 0.197 8 03375
N /AN 0.133 9 03114

Tl B/ 0.184 1 0.292 0
N AN 0.169 2 0.403 2
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Fig.12 Resistance training results for participant 1 (plan-
tarflexion/dorsiflexion)
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version/eversion)
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Tab.4 Error results from resistance training

In's VIE Y. erms/ (°) enrms/%0
| )t/ 0.236 2 0.430 4

P Tl o 0.163 8 0.425 4

5 )t/ 0.238 1 0.431 4
P /o 0.168 3 0.447 9

3 )t/ 02253 0373 6
P /o 0.168 2 0.3819

4 )t/ 0.193 4 03229
P /o 0.176 4 0.402 8

s )t/ 0.2370 0.419 8
P /o 0.105 4 0.253 7

p )t/ 0.2214 0371 6
P /o 0.159 7 0.373 6

A EE@\/E?JEF' 0.2252 0.3916
P /o 0.1570 0.381 4
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