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Abstract 

Background:  Impairments of trunk movements in gait of stroke are often reported. 
Ankle foot orthosis (AFO) is commonly used to improve gait of stroke; however, the 
effect of different types of AFOs on the pelvic and thoracic movements during gait in 
stroke has not been clarified.

Methods:  Thirty-four patients with stroke were randomly allocated to undergo 
2 weeks of gait training by physiotherapists while wearing a rigid AFO (RAFO) with 
a fixed ankle or an AFO with an oil damper (AFO-OD) that provides plantarflexion 
resistance and free dorsiflexion. A motion capture system was used for measurements 
of shod gait without AFO at baseline and with and without AFO after gait training. 
Two-way repeated ANOVA, Wilcoxon signed-rank test, and Mann–Whitney U test were 
performed for the data after the gait training to know the effect of different kinds of 
AFOs.

Results:  Twenty-nine patients completed the study (AFO-OD group: 14, RAFO group: 
15). Interactions were found in pelvic rotation angle, change of shank-to-vertical angle 
(SVA) in the stance, and paretic to non-paretic step length, which increased in AFO-
OD group with AFOs (p < 0.05), while the SVA decreased in RAFO group with AFOs 
(p < 0.05). The main effects were found in pelvic rotation at the contralateral foot off, 
and thoracic tilt at foot off when an AFO was worn. The change of SVA in stance was 
positively correlated with the pelvic rotation in the AFO-OD group (r = 0.558). At initial 
contact, pelvic rotation was positively correlated with thoracic rotation in both groups.

Conclusions:  The findings in 29 patients with stroke showed that pelvic and thoracic 
movements especially the rotation were affected by the type of AFOs. Pelvic rotation 
and lower limb kinematics exhibited significant improvements with AFO-OD, reflect-
ing more desirable gait performance. On the other hand, the increase in thoracic 
in-phase rotation might expose the effect of insufficient trunk control and dissociation 
movement.

Trial registration UMIN000038694, Registered 21 November 2019, https://​cente​r6.​umin.​
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Background
Stroke is the primary cause of mortality and disability for adults [1]. Stroke is an abrupt 
neurological outburst caused by cerebrovascular perfusion injury that may result in neu-
ronal function impairment associated with motor, cognition, or sensation [2, 3]. Patients 
after stroke not only have unilateral hemiplegia but also have difficulties in the trunk 
control [4], affecting their balance, gait, and daily living activities [5–7].

Many studies found that variability of trunk movement increased significantly in the 
gait of stoke. The paretic pelvis was upward in the stance phase and downward in the 
swing phase, contrary to the healthy group [10, 11]. To ensure the foot clearance in the 
paretic swing phase [12], the trunk of the non-paretic side showed a larger lateral swing 
during the stance phase [13]. The pelvis showed excessive forward tilts during the gait 
cycle [14]. In addition, the accelerations of the thorax and pelvis were greater in patients 
with stroke than in controls. Moreover, the thorax has an excessive rotation, while the 
rotation of the pelvis was less than that of the thorax in the stroke gait [15]. A few stud-
ies focused on the synchronous relative phase difference in the thorax and pelvis. One 
study found significant differences in in-phase rotation of the thorax and pelvis, and 
there was more in-phase rotation of the trunk as the velocity decreased [15], while no 
significant result was found in another two studies [16, 17]. Kinematic parameters of 
the trunk movements were changed in the gait after stroke, which was manifested as 
excessive movements in the sagittal and coronal planes, reduced anti-phase rotation of 
the thorax and pelvis, affected symmetry, and increased the instability of the trunk. The 
trunk movement was an important part of gait retraining for patients with stroke [8, 9] 
and could be one of the predictors of the overall function of gait [5].

Moreover, the impairments of the trunk function could not only affect trunk move-
ment but also affect lower limb motor recovery. Several studies illustrated that thoracic 
rotation and pelvic obliquity were negatively correlated with the recovery of lower limb 
movement [18, 19]. In addition, the pelvic obliquity was positively correlated with hip 
adduction and knee extension moment [19]. This might indicate that various deviations 
of the trunk may be compensatory. Therefore, it was a feasible method to reduce trunk 
compensation by improving lower limb movement in the gait of stoke.

Ankle foot orthosis (AFO) is widely used to improve stroke gait [20–22]. Among the 
various types of AFOs, passive AFOs are the most popular daily-wear device due to their 
durability and simplicity of design [22]. As the most commonly used non-articulated 
passive AFO, the rigid AFO (RAFO) could increase the ankle dorsiflexion to achieve heel 
strike at initial contact [23, 24] and promote foot clearance in swing phase [20, 25]. How-
ever, the RAFO restricted plantarflexion in loading response, and the dorsiflexion in late 
stance. In other words, the 2nd rocker function was negatively affected in gait. A hydrau-
lic oil damper ankle joint in an AFO was developed based on the concept of 1st and 2nd 
rocker functions by Yamamoto et al. [26]. The AFO with an oil damper (AFO-OD) was 
an articulated AFO that transformed the ankle joint rotation into linear compression of 
the oil damper via a CAM mechanism, providing no dorsiflexion resistance. And the 
plantarflexion resistance should be adjusted appropriately for individuals and affect the 
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progress of 1st and 2nd rockers in gait [27–37]. One study by Yamamoto et  al. found 
that the AFO-OD promoted the gradual progression toward plantarflexion in loading 
response which promoted the lower limbs to be relatively extended alignment without 
causing the pelvis to tilt forward, indeed leading to a more upright posture of the thorax 
[38].

Plenty of studies had clarified the effect of the AFO-OD in view of low limb kinet-
ics and kinematics, and only a few previous studies focused on the effect on the thorax 
and pelvis. Lan et al. found using AFOs improved the walking capacity by improving the 
stability and concordant of the trunk in hemiplegic patients [39]. Our previous studies 
also pointed out that AFO-OD had a positive effect on maintaining upright posture [38]. 
However, none of them conducted a systematic and comprehensive study of the thorax 
and pelvis movement. Therefore, we aimed to quantitatively analyze the effect of differ-
ent designs of the AFOs (RAFO and AFO-OD) on the gait of patients with stroke from 
the thoracic and pelvic perspectives through clinical trials. The hypothesis of this study 
was that with the known effects of AFOs on the lower limb kinematic chain, patients 
using different types of AFOs would directly or indirectly affect the movement of thorax 
and pelvis in three-dimensional space.

Results
A total of 29 patients completed the study and were analyzed (AFO-OD:14, RAFO:15) 
following the protocol of CONSORT 2010 (Fig. 1), 5 cases dropped out. There were no 
significant differences between the groups in age, body height, body weight, and time 
since onset, as shown in Table  1. There were no significant differences between the 
groups before training in any gait parameters.

Table 2 shows the comparison results of 24 pelvic and thoracic angle parameters. Sig-
nificant interaction effects (p < 0.05) were found in the pelvic tilt angle at contralateral 
foot off (CFO) and contralateral initial contact (CIC), pelvic rotation angle, and thoracic 
rotation angle at initial contact (IC). Within AFO-OD groups, the pelvic rotation angle 

Fig. 1  Flow diagram for patient’s selection process
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at IC was significantly higher in the condition of wearing AFOs than not wearing AFOs 
(p = 0.012, F = 8.511). The main effects of AFO condition showed significantly more pel-
vic rotation to the non-paretic side at CFO (p = 0.003, F = 10.417) and less thoracic for-
ward tilt at foot off (FO) (p = 0.015, F = 6.740) when patients wore AFOs. Inversely, the 
main effect of AFO type failed to reach statistical significance.

We also found that when patients wore AFOs, the thoracic forward tilt angle at IC 
was significantly lower in the AFO-OD group (p = 0.048, Z = − 1.977) and higher in the 
RAFO group (p = 0.005, Z = − 2.783), while the thoracic rotation angle at CFO rotated 
more to the non-paretic side in the AFO-OD group (p = 0.009, Z = − 2.605).

The results for temporal and spatial factors, shank-to-vertical angle (SVA), and ground 
reaction forces are shown in Table 3. SVA angle was a parameter to evaluate AFO-Foot-
wear Combination’s tuning, as it reflected concomitant changes in the lower limb angles 
and moments [40]. Significant interactions were found in the following parameters: the 
paretic to non-paretic step length, SVA forward inclination at FO, change of SVA in the 
stance, and SVA at CIC. Within AFO-OD groups, the following three parameters were 
significantly higher in the condition of wearing AFOs, compared to not wearing AFOs 
(p = 0.015, F = 7.927; p = 0.005, F = 11.576; p = 0.047, F = 4.808). Within RAFO groups, 
patients wearing AFOs showed significantly less value in the change of SVA in the stance 
and SVA forward inclination at CIC (p = 0.015, F = 7.654; p = 0.001, F = 17.327). The 
simple effect of the AFO type was also found in SVA at CFO (p = 0.023, F = 6.636), which 
indicated patients wearing AFO-OD showed more forward inclination than wearing 
RAFO. The significant AFO condition effects revealed that patients wearing AFOs had 
more SVA at IC (p = 0.006, F = 8.820) and more backward tilt SVA at CFO (p = 0.029, 
F = 5.312), whereas no significant main effects were found for any parameter of the AFO 
type.

Compared to patients without AFOs, it is shown that change of SVA during load-
ing response was significantly lower in both groups with AFOs (AFO-OD: p = 0.004, 
Z = − 2.856; RAFO: p = 0.001, Z = − 3.237). Within AFO-OD groups, velocity, non-
paretic to paretic step length, and change of SVA in single stance were significantly 

Table 1  Profiles of participants with stroke

Fugl-Meyer Balance: median(range), others: mean ± standard deviation; AFO-OD: AFO with an oil damper; RAFO: rigid AFO; 
AFO: ankle foot orthosis

AFO-OD (n = 14) RAFO (n = 15) p-value

Gender Male: 12, female:2 Male: 12, female:3

Age(years) 51.07 ± 12.55 50.07 ± 15.44 0.850

Body height(cm) 171.64 ± 7.97 168.33 ± 5.64 0.205

Body weight(kg) 72.64 ± 11.78 74.17 ± 13.04 0.744

BMI 24.52 ± 2.43 26.02 ± 3.38 0.183

Diagnosis Cerebral hemorrhage:4 Cerebral hemorrhage:5

Cerebral infarction:10 Cerebral infarction:10

Paretic side Left:6, Right:8 Left:5, Right:10

Time since onset(days) 154.64 ± 75.46 108.53 ± 45.84 0.055

Brunnstrom stage of lower extremities III:5, IV:7, V:2 III:6, IV:7, V:2

Fugl-Meyer balance 10.00(8–13) 10.00(8–12) 0.914

Functional ambulation category II:4, III:6, IV:4,V:0 II:4, III:9, IV:2, V:0



Page 5 of 18Ling et al. BioMedical Engineering OnLine            (2023) 22:9 	

Ta
bl

e 
2 

Co
m

pa
ris

on
 o

f p
el

vi
c 

an
d 

th
or

ac
ic

 k
in

em
at

ic
s 

in
 tw

o 
A

FO
 g

ro
up

s 
af

te
r g

ai
t t

ra
in

in
g

A
FO

-O
D

RA
FO

In
te

ra
ct

io
n 

eff
ec

t
M

ai
n 

eff
ec

t
W

ith
 v

s W
ith

ou
t

A
FO

-O
D

 v
s 

RA
FO

W
ith

ou
t

W
ith

W
ith

ou
t

W
ith

A
FO

 e
ffe

ct
A

FO
 ty

pe
A

FO
-O

D
RA

FO
W

ith
ou

t A
FO

W
ith

 A
FO

Pe
lv

ic
 a

ng
le

 In
iti

al
 c

on
ta

ct
Fo

rw
ar

d/
ba

ck
w

ar
d 

til
t (

°)
−

 1
0.

43
2

−
 8

.4
70

−
 1

0.
19

4
−

 1
0.

61
3

0.
07

5
0.

24
0

0.
69

8

7.
31

5
6.

13
3

6.
59

1
6.

95
7

La
te

ra
l o

bl
iq

ui
ty

 (°
)a

2.
33

6
1.

46
5

3.
35

8
2.

45
9

0.
33

1
0.

60
9

0.
84

7
0.

68
3

3.
36

0
4.

44
8

2.
79

4
4.

77
0

Ro
ta

tio
n 

(°)
−

 2
.7

38
1.

00
2

-0
.0

30
−

 0
.1

33
0.

01
1*

0.
01

2*
0.

87
4

0.
34

8
0.

57
4

6.
34

8
6.

22
0

5.
67

9
6.

03
2

 C
on

tr
al

at
er

al
 fo

ot
 o

ff
Fo

rw
ar

d/
ba

ck
w

ar
d 

til
t (

°)
−

 1
2.

83
8

−
 1

0.
86

5
−

 1
3.

74
9

−
 1

4.
37

7
0.

03
5*

0.
07

2
0.

33
6

0.
68

6
0.

18
3

7.
20

5
6.

23
1

7.
92

4
8.

36
6

La
te

ra
l o

bl
iq

ui
ty

 (°
)a

−
 3

.0
60

−
 3

.7
07

−
 3

.4
02

−
 3

.6
78

0.
15

8
0.

25
6

0.
62

1
0.

45
1

4.
98

8
4.

20
9

4.
85

1
5.

80
8

Ro
ta

tio
n 

(°)
3.

57
9

6.
70

1
3.

26
2

4.
68

4
0.

23
8

0.
00

3*
*

0.
58

2

5.
63

9
6.

47
8

5.
34

7
6.

28
6

 C
on

tr
al

at
er

al
 in

iti
al

 c
on

ta
ct

"
Fo

rw
ar

d/
ba

ck
w

ar
d 

til
t (

°)
−

 1
3.

90
8

−
 1

1.
92

4
−

 1
4.

96
8

−
 1

6.
29

5
0.

00
7*

*
0.

65
3

0.
10

4
0.

06
1

0.
05

7

6.
83

9
5.

82
2

7.
56

5
7.

67
9

La
te

ra
l o

bl
iq

ui
ty

 (°
)a

−
 0

.0
99

−
 1

.1
50

0.
21

4
0.

44
5

0.
15

8
0.

60
9

0.
84

7
0.

62
1

2.
21

5
3.

32
1

4.
05

7
5.

20
0

Ro
ta

tio
n 

(°)
1.

65
3

2.
23

1
0.

96
2

0.
38

4
0.

47
0

1.
00

0
0.

60
5

6.
54

6
6.

04
8

7.
80

8
6.

83
0

 F
oo

t o
ff

Fo
rw

ar
d/

ba
ck

w
ar

d 
til

t (
°)

−
 1

4.
79

9
−

 1
2.

46
5

−
 1

4.
62

8
−

 1
4.

63
1

0.
07

2
0.

07
3

0.
67

8

6.
83

0
5.

82
0

6.
79

4
6.

93
0

La
te

ra
l o

bl
iq

ui
ty

 (°
)a

2.
56

6
1.

20
8

1.
67

1
1.

87
4

0.
07

4
0.

36
3

0.
50

5
0.

71
5

4.
25

8
4.

88
9

3.
91

9
3.

91
1

Ro
ta

tio
n 

(°)
a

−
 3

.4
86

−
 3

.6
13

−
 2

.5
65

−
 4

.7
39

0.
51

0
0.

82
0

0.
98

3
0.

35
4

10
.4

92
9.

44
3

13
.0

95
11

.3
60



Page 6 of 18Ling et al. BioMedical Engineering OnLine            (2023) 22:9 

Ta
bl

e 
2 

(c
on

tin
ue

d)

A
FO

-O
D

RA
FO

In
te

ra
ct

io
n 

eff
ec

t
M

ai
n 

eff
ec

t
W

ith
 v

s W
ith

ou
t

A
FO

-O
D

 v
s 

RA
FO

W
ith

ou
t

W
ith

W
ith

ou
t

W
ith

A
FO

 e
ffe

ct
A

FO
 ty

pe
A

FO
-O

D
RA

FO
W

ith
ou

t A
FO

W
ith

 A
FO

Th
or

ac
ic

 a
ng

le

 In
iti

al
 c

on
ta

ct
Fo

rw
ar

d/
ba

ck
w

ar
d 

til
t (

°)a
1.

74
1

4.
09

9
2.

68
6

0.
67

9
0.

04
8*

0.
00

5*
*

0.
33

1
0.

12
3

7.
62

0
6.

26
3

3.
79

2
4.

84
2

La
te

ra
l o

bl
iq

ui
ty

 (°
)a

1.
51

7
1.

49
8

1.
37

4
1.

48
1

0.
92

5
1.

00
0

0.
84

7
1.

00
0

5.
13

2
5.

55
3

2.
01

3
3.

61
9

Ro
ta

tio
n 

(°)
−

 3
.5

79
−

 1
.2

02
−

 2
.6

75
−

 3
.6

96
0.

02
9*

0.
07

7
0.

24
1

0.
89

9
0.

08
8

5.
51

2
3.

90
4

6.
14

0
5.

76
7

 C
on

tr
al

at
er

al
 F

oo
t o

ff
"

Fo
rw

ar
d/

ba
ck

w
ar

d 
til

t (
°)

−
 0

.6
70

1.
57

4
−

 1
.4

84
−

 0
.8

13
0.

33
6

0.
08

1
0.

31
2

4.
24

0
3.

69
3

5.
63

6
4.

91
9

La
te

ra
l o

bl
iq

ui
ty

 (°
)

−
 3

.5
00

−
 3

.3
82

−
 3

.4
44

−
 3

.4
30

0.
87

6
0.

84
2

0.
99

7

1.
98

7
2.

92
8

3.
55

2
3.

04
6

Ro
ta

tio
n 

(°)
a

2.
16

0
4.

61
6

1.
62

9
1.

18
3

0.
00

9*
*

0.
23

3
0.

45
1

0.
08

5

5.
61

2
5.

67
3

7.
93

8
6.

82
2

 C
on

tr
al

at
er

al
 in

iti
al

 c
on

ta
ct

Fo
rw

ar
d/

ba
ck

w
ar

d 
til

t (
°)

−
 2

.2
69

0.
33

5
−

 2
.9

26
−

 2
.5

21
0.

16
4

0.
06

1
0.

23
9

3.
86

6
3.

75
5

5.
10

6
4.

78
5

La
te

ra
l o

bl
iq

ui
ty

 (°
)

−
 2

.9
11

−
 2

.8
02

−
 2

.5
10

−
 2

.5
57

0.
80

9
0.

92
5

0.
75

6

2.
41

5
2.

67
2

3.
46

6
2.

89
1

Ro
ta

tio
n 

(°)
a

4.
38

2
3.

12
1

3.
00

1
0.

01
8

0.
24

5
0.

91
0

0.
29

0
0.

14
6

7.
90

8
8.

53
5

9.
66

1
11

.6
34



Page 7 of 18Ling et al. BioMedical Engineering OnLine            (2023) 22:9 	

Bo
ld

 re
pr

es
en

ts
 e

as
ie

r t
o 

di
st

in
gu

is
h 

th
em

 fr
om

 S
D

 o
r I

Q
R

U
pp

er
 c

ol
um

n:
 m

ea
n 

or
 m

ed
ia

n;
 L

ow
er

 c
ol

um
n:

 S
D

 o
r I

Q
R

AF
O

-O
D

: A
FO

 w
ith

 a
n 

oi
l d

am
pe

r; 
RA

FO
: r

ig
id

 A
FO

; A
FO

: a
nk

le
 fo

ot
 o

rt
ho

si
s;

 B
ac

kw
ar

d 
+

 ; n
on

-p
ar

et
ic

 o
bl

iq
ui

ty
 +

 ; n
on

-p
ar

et
ic

 ro
ta

tio
n 
+

 
a  n

ot
 n

or
m

al
ly

 d
is

tr
ib

ut
ed

*  p
 <

 0
.0

5
**

 p
 <

 0
.0

1

A
FO

-O
D

RA
FO

In
te

ra
ct

io
n 

eff
ec

t
M

ai
n 

eff
ec

t
W

ith
 v

s W
ith

ou
t

A
FO

-O
D

 v
s 

RA
FO

W
ith

ou
t

W
ith

W
ith

ou
t

W
ith

A
FO

 e
ffe

ct
A

FO
 ty

pe
A

FO
-O

D
RA

FO
W

ith
ou

t A
FO

W
ith

 A
FO

 F
oo

t o
ff

Fo
rw

ar
d/

ba
ck

w
ar

d 
til

t (
°)

−
 2

.0
89

1.
08

4
−

 1
.7

95
−

 1
.2

26
0.

08
2

0.
01

5*
0.

50
7

4.
13

3
4.

46
5

4.
87

6
4.

36
3

La
te

ra
l o

bl
iq

ui
ty

 (°
)a

0.
51

7
1.

32
4

1.
47

0
1.

61
1

0.
47

0
0.

14
0

0.
50

5
0.

65
2

4.
13

0
4.

07
7

2.
41

4
2.

51
9

Ro
ta

tio
n 

(°)
a

−
 2

.0
08

−
 1

.5
32

−
 2

.6
42

−
 5

.4
78

0.
30

0
0.

49
6

0.
98

3
0.

07
0

6.
94

8
5.

52
7

15
.2

69
10

.4
47

Ta
bl

e 
2 

(c
on

tin
ue

d)



Page 8 of 18Ling et al. BioMedical Engineering OnLine            (2023) 22:9 

Ta
bl

e 
3 

Co
m

pa
ris

on
 o

f t
em

po
ra

l a
nd

 s
pa

tia
l f

ac
to

rs
, S

VA
, a

nd
 G

RF
 in

 tw
o 

A
FO

 g
ro

up
s 

af
te

r g
ai

t t
ra

in
in

g

A
FO

-O
D

RA
FO

In
te

ra
ct

io
n 

eff
ec

t
M

ai
n 

eff
ec

t
W

ith
 v

s 
w

ith
ou

t
A

FO
-O

D
 v

s 
RA

FO

W
ith

ou
t

W
ith

W
ith

ou
t

W
ith

A
FO

 e
ffe

ct
A

FO
 ty

pe
A

FO
-O

D
RA

FO
W

ith
ou

t A
FO

W
ith

 A
FO

Te
m

po
ra

l&
sp

at
ia

l

 V
el

oc
ity

 (m
/s

)a
0.

21
7

0.
26

4
0.

23
1

0.
20

5
0.

02
6*

0.
21

1
0.

88
0

0.
74

7

0.
21

9
0.

19
1

0.
11

9
0.

14
4

 S
te

p 
le

ng
th

 (p
ar

et
ic

 to
 n

on
-p

ar
et

ic
) %

he
ig

ht
0.

15
3

0.
17

1
0.

15
0

0.
14

4
0.

00
9*

*
0.

01
5*

0.
34

3
0.

91
6

0.
26

2

0.
05

9
0.

05
5

0.
04

7
0.

05
2

 S
te

p 
le

ng
th

 (n
on

-p
ar

et
ic

 to
 p

ar
et

ic
) %

he
ig

ht
a

0.
14

0
0.

15
1

0.
14

0
0.

12
0

0.
03

5*
0.

65
0

0.
65

2
0.

12
3

0.
10

8
0.

09
8

0.
04

0
0.

06
4

 C
yc

le
 ti

m
e 

(s
)a

1.
98

3
2.

01
8

1.
94

7
1.

83
3

0.
24

9
0.

05
3

0.
45

1
0.

10
2

1.
17

8
1.

10
0

0.
62

7
0.

50
7

 L
oa

di
ng

 re
sp

on
se

 ti
m

e 
(s

)a
0.

54
7

0.
62

3
0.

57
5

0.
57

0
0.

31
5

0.
23

3
0.

78
0

0.
40

0

0.
85

0
0.

63
7

0.
26

3
0.

21
7

 S
in

gl
e 

st
an

ce
 ti

m
e 

(s
)

0.
35

9
0.

36
7

0.
35

3
0.

32
6

0.
14

0
0.

42
0

0.
47

3

0.
09

7
0.

09
9

0.
07

6
0.

09
6

 P
re

sw
in

g 
tim

e 
(s

)a
0.

43
1

0.
43

3
0.

48
5

0.
51

7
0.

39
7

0.
21

1
0.

74
7

0.
88

0

0.
49

1
0.

42
1

0.
18

8
0.

23
9

 S
w

in
g 

tim
e 

(s
)

0.
60

2
0.

59
2

0.
54

6
0.

49
9

0.
19

2
0.

05
4

0.
05

2

0.
11

6
0.

10
1

0.
11

1
0.

09
3

SV
A  In

iti
al

 c
on

ta
ct

 (°
)

−
 8

.3
07

−
 6

.1
63

−
 6

.4
71

−
 3

.8
55

0.
77

1
0.

00
6*

*
0.

23
6

6.
05

1
4.

86
7

4.
14

5
5.

14
2

 E
nd

 o
f l

oa
di

ng
 re

sp
on

se
 (°

)
3.

55
0

2.
96

0
4.

12
5

1.
74

5
0.

17
6

0.
02

9*
0.

89
3

7.
64

7
6.

69
9

6.
15

7
5.

78
0

 S
ta

rt
 o

f p
re

sw
in

g 
(°)

9.
15

7
9.

98
2

10
.1

03
5.

15
7

0.
00

1*
*

0.
36

4
0.

00
1*

*
0.

66
5

0.
02

3*

6.
40

4
5.

65
6

5.
59

7
5.

53
2

 F
oo

t o
ff 

(°)
24

.4
70

29
.2

93
24

.8
20

24
.0

54
0.

00
5*

*
0.

00
5*

*
0.

52
8

0.
91

9
0.

15
5

6.
88

3
9.

12
1

6.
23

3
7.

70
9



Page 9 of 18Ling et al. BioMedical Engineering OnLine            (2023) 22:9 	

Bo
ld

 re
pr

es
en

ts
 e

as
ie

r t
o 

di
st

in
gu

is
h 

th
em

 fr
om

 S
D

 o
r I

Q
R

U
pp

er
 c

ol
um

n:
 m

ea
n 

or
 m

ed
ia

n;
 L

ow
er

 c
ol

um
n:

 S
D

 o
r I

Q
R

AF
O

-O
D

 A
FO

 w
ith

 a
n 

oi
l d

am
pe

r; 
RA

FO
 ri

gi
d 

A
FO

; A
FO

 a
nk

le
 fo

ot
 o

rt
ho

si
s;

 S
VA

 S
ha

nk
-t

o-
ve

rt
ic

al
 a

ng
le

; G
RF

 g
ro

un
d 

re
ac

tio
n 

fo
rc

e;
 S

VA
 fo

rw
ar

d 
in

cl
in

at
io

n 
+

 ; G
RF

 fo
rw

ar
d 
+

 
a  n

ot
 n

or
m

al
ly

 d
is

tr
ib

ut
ed

*  p
 <

 0
.0

5
**

 p
 <

 0
.0

1

Ta
bl

e 
3 

(c
on

tin
ue

d)

A
FO

-O
D

RA
FO

In
te

ra
ct

io
n 

eff
ec

t
M

ai
n 

eff
ec

t
W

ith
 v

s 
w

ith
ou

t
A

FO
-O

D
 v

s 
RA

FO

W
ith

ou
t

W
ith

W
ith

ou
t

W
ith

A
FO

 e
ffe

ct
A

FO
 ty

pe
A

FO
-O

D
RA

FO
W

ith
ou

t A
FO

W
ith

 A
FO

 C
ha

ng
e 

in
 lo

ad
in

g 
re

sp
on

se
 (°

)a
10

.4
29

7.
79

8
7.

82
1

5.
17

7
0.

00
4*

*
0.

00
1*

*
0.

42
5

0.
31

0

9.
37

2
10

.6
31

8.
04

5
8.

40
7

 C
ha

ng
e 

in
 s

ta
nc

e 
(°)

32
.7

77
35

.4
56

31
.2

91
27

.9
10

0.
00

2*
*

0.
04

7*
0.

01
5*

0.
62

7
0.

12
0

11
.1

11
12

.3
79

8.
19

1
10

.3
78

 C
ha

ng
e 

in
 s

in
gl

e 
st

an
ce

 (°
)a

4.
98

4
5.

79
9

5.
43

6
2.

43
3

0.
04

8*
0.

00
1*

*
0.

88
0

0.
03

7*

4.
91

5
6.

70
5

4.
50

8
5.

86
7

G
RF  P

ea
k 

po
st

er
io

r (
N

/k
g)

a
−

 0
.4

88
−

 0
.4

32
−

 0
.6

19
−

 0
.6

54
0.

36
3

0.
28

1
0.

12
3

0.
27

0

0.
28

1
0.

22
0

0.
20

5
0.

29
4

 P
ea

k 
an

te
rio

r (
N

/k
g)

0.
39

2
0.

44
5

0.
33

4
0.

33
6

0.
19

2
0.

14
8

0.
17

4

0.
12

9
0.

18
2

0.
18

0
0.

17
8



Page 10 of 18Ling et al. BioMedical Engineering OnLine            (2023) 22:9 

higher (p = 0.026, Z = −  2.229; p = 0.035, Z = −  2.103; p = 0.048, Z = −  1.977) when 
patients wore AFOs. Within RAFO groups, change of SVA in single stance was sig-
nificantly lower (p = 0.001, Z = −  3.408) when patients wore AFOs. Additionally, 
patients with AFO-OD showed more change of SVA in single stance than with RAFO 
(p = 0.037, U = 57.000).

The results for ankle, knee, and hip joint kinematics of paretic side are shown in 
Additional file 1.

Relevance
The correlation coefficient between parameters that showed interactions within each 
group wearing AFOs in this study was calculated and is shown in Fig. 2. The change 
of SVA was found to correlate with pelvic rotation at initial contact in the AFO-OD 
group and with a pelvic tilt at the contralateral foot off and contralateral initial con-
tact in the RAFO group.

SVA was positively correlated with pelvic tilt at contralateral foot off (r = 0.670, 
p = 0.006) and at contralateral initial contact (r = 0.568, p = 0.027) in RAFO group, 
but not in the AFO-OD group. But SVA was positively correlated with pelvic rotation 
in the AFO-OD group (r = 0.558, p = 0.038), not in the RAFO group. What is more, 
SVA was correlated with paretic step length in both groups. Pelvic rotation was cor-
related with thoracic rotation in both groups (AFO-OD group: r = 0.593, p = 0.025; 
RAFO group: r = 0.756, p = 0.001).

Discussion
In the current study, we evaluated the effect of two AFOs, namely, AFO-OD and RAFO 
on the pelvic and thoracic movements in the gait of stroke patients after two weeks of 
training. Our results proved the hypothesis that there were direct effects on the thorax 

Fig.2  Correlation coefficient between parameters: a AFO-OD group; b RAFO group. ICPz: pelvic rotation 
angle at initial contact; ICTz: thoracic rotation angle at initial contact; CFOPx: pelvic tilt angle at contralateral 
foot off; CICPx: pelvic tilt angle at contralateral initial contact; PSstep: paretic to non-paretic step length; 
ShankCIC: shank vertical angle at contralateral initial contact; ShankFO: shank vertical angle at foot off; 
ShankST: the change of shank vertical angle in the stance
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and pelvis movement using different AFOs in patients with stroke, and the effects were 
different.

When the patient wore the AFO-OD, the pelvis rotated more to the non-paretic side 
at initial contact, which was followed by an increase in step length, speed, and change of 
SVA in stance, compared to not wearing the AFO. Some studies also showed that pelvic 
rotation anteriorly translated the hip, contributing to increased stride length and higher 
speed [41, 42]. We supposed that a larger change of SVA might represent better com-
fort, considering that SVA peaked when the patient felt most comfortable [33]. Addi-
tionally, the pelvic rotation at initial contact was positively correlated with the change 
of the SVA in stance. Meanwhile, the knee joint did not show excessive flexion at initial 
contact and still approached the 5° flexion (5.88 ± 7.14° at initial contact wearing AFO-
OD, see Additional file  1) and was not a compensation for limited hip flexion, which 
was shown in normal gait [43, 44]. This had a positive effect on gait. On the other hand, 
resistive plantarflexion movement in loading response was enabled in the AFO-OD, the 
loading response occurred gradually with the assistant of the plantarflexion resistance 
generated by the oil damper, and the knee joint was not pushed excessively flexed [35]. 
The improvement of the pelvic rotation based on a relatively upright posture of lower 
limbs and synthesized with gait parameters demonstrated the positive value of AFO-OD 
for gait improvement in stroke patients.

In the RAFO group, the patient walking with AFO instead led to a signifi-
cantly decreased change of SVA in stance (with AFO:27.91 ± 10.38°, without AFO: 
31.29 ± 8.19°), which was even less than when the patient walked without AFO in the 
AFO-OD group (with AFO: 35.46 ± 12.38°, without AFO: 32.78 ± 11.11°). RAFO gener-
ated overlarge plantar flexion and dorsiflexion resistance, stopping ankle dorsiflexion 
and limiting shank forward inclination in the paretic stance. And the restriction of shank 
forward progression in the RAFO group also notably provided a control effect on the 
knee joint and prevented excessive knee flexion phenomenon in late stance. We even 
observed knee hyperextension (− 1.97°), which could impair walking speed, reduce gait 
symmetry, decrease gait efficiency, increase use of energy during walking, and might be 
associated with knee pain [46]. Moreover, the reduced change of SVA in stance indicated 
the restriction to the progression of the 2nd rocker function in the RAFO group, which 
was significantly correlated with the pelvic forward tilt at CFO in the RAFO group 
(r = 0.670, p = 0.006), as pelvic and thoracic forward tilt was generally acknowledged to 
be a common characterized phenomenon in the gait of stroke [47]. However, only a lim-
ited number of studies concluded the effect of various types of AFOs on the pelvis and 
thorax prior to the current study [38].

Another notable finding in this study was that the thoracic rotation to non-paretic side 
at IC and CFO increased in the AFO-OD group and was positively correlated with the 
pelvic rotation at IC in both groups. The thorax and pelvis rotated synchronously in the 
same direction, which is called an in-phase rotation. In normal gait, the thorax and pel-
vis rotated more anti-phase (opposite direction) [42], whereas in stroke gait, they rotated 
more in-phase, higher (more anti-phase) in stroke patients with lower gait impairments 
indicating more dissociation of the thoracic and pelvic segments [15]. Increased pelvic 
rotation was considered to be a positive sign, while the increased in-phase rotation of 
the thorax might be attributed to the lack of coordination of impaired trunk movement 
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of stroke patients. In patients with stroke, both sides of the trunk were impaired and 
characterized by diminished synchronization and lower activity levels of the trunk mus-
cular system [45], manifesting as the weakness of dissociation and the lack of coordina-
tion of the thoracic and pelvic movements. Although after two weeks of AFO adaptive 
training, the pelvic control of patients with stroke showed relatively optimum perfor-
mance with the assistance of plantarflexion resistance in the AFO-OD group, trunk 
impairment affected pelvic and thoracic separation movements, which may require 
longer rehabilitation cycles. This also prompted us to consider recommending rehabili-
tation therapists to conduct targeted training for patients in the gait training of AFO. 
The arm swings forward as the contralateral leg steps forward in normal gait, and vice 
versa [15]. According to the recovery principle of stroke gait, we propose that ideas and 
thinking about whether it is possible to adapt to the effect of plantarflexion in the ortho-
sis training of hemiplegic patients, special training, and guidance could be carried out 
for rotating dissociation movement and coordination control of the trunk, for example, 
prompt the patient to increase the swing of the contralateral upper limb to promote the 
inverted rotation of thorax versus pelvis.

The AFO-OD with plantarflexion resistance enabled the gradual movement to plan-
tar flexion in loading response. With the kinematic chain of the lower limb, relatively 
upright alignment of the lower limb and improved pelvic rotational movement resulted 
in the improvement in velocity, step length, and shank progression, which meant bet-
ter performance, although there was still in-phase rotation of the pelvis and thorax. The 
RAFO with plantarflexion and dorsiflexion stop decreased SVA progression in stance, 
affecting the forward tilt of the pelvis, and might result in knee hyperextension in late 
stance. This study suggested that clinicians should give more consideration to the effects 
of different types of AFOs on trunk posture in clinical gait training for stroke patients, 
and in the future, we would conduct more studies on AFOs based on this research and 
explore the correlation between lower limb biomechanics and trunk biomechanics in 
stroke gait.

This study has some limitations. Firstly, the resistive moment of the AFO-OD was the 
same in this study, but it should probably be adjusted for each patient. The trim line and 
elasticity might affect the fixed resistance generated by the RAFO, but it could not be 
assessed in this study. Secondly, this study included a relatively wide range of patients in 
Brunnstrom stage III–V. Although the degree of spasticity of the patient was controlled 
by MAS, there might be potential differences in dissociation movements and spasticity 
of lower limbs among different Brunnstrom stages. Therefore, the gait of patients should 
be analyzed in each Brunnstrom stage in future studies.

Conclusion
This randomized controlled trial assessed the effect of different types of AFOs on gait 
with stroke by comparing the effects of a rigid AFO, which relatively stopped both dor-
siflexion and plantarflexion, and the AFO-OD which generated plantarflexion and ena-
bled free dorsiflexion. The findings in 29 patients with stroke showed the paretic step 
length, pelvic and thoracic rotation at initial contact, and the change of SVA in single 
stance improved more significantly in participants who underwent gait training using an 
AFO-OD than in those using a RAFO. Pelvic rotation at initial contact correlated with 
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the change of SVA in stance and thoracic rotation. Pelvic rotation and lower limb kine-
matics exhibited significant improvements with AFO-OD, reflecting more desirable gait 
performance. On the other hand, the increase in the thoracic in-phase rotation might 
expose the effect of insufficient trunk control and dissociation movement.

Methods
Participants

A total of 34 patients with subacute stroke (more than 14 and less than 180 days after 
onset) who were hospitalized for rehabilitation treatment in a rehabilitation facility in 
China from June 2020 to August 2021 participated in this study. The following inclu-
sion criteria and exclusion criteria were applied. The inclusion criteria were as follows: 
Brunnstrom stage of the lower limb over grade II; age within 18–80 years old; and abil-
ity to walk safely on level ground using any type of AFOs, using canes if necessary. The 
exclusion criteria included spasticity grade over 2 on the Modified Ashworth Scale, mus-
culoskeletal or cognitive problems, and pregnancy.

All participants underwent gait training under the supervision of physiotherapists. 
None had previously used an AFO, and all were enrolled in the study when they began 
walking 8 m under supervision. All procedures were approved by the local ethics com-
mittee of the International University of Health & Welfare (No.19 Io-144–2) and China 
Rehabilitation Research Center (2019–116-2). Informed consent was obtained from all 
participants before they participated in this study.

AFOs and equipment

The two types of AFOs shown in Fig. 3 were used in this study. The customized AFO-
OD (Gait Solution, Kawamura-gishi, Osaka, Japan) (Fig. 3a) had a mechanical ankle joint 
with an oil damper, providing a free dorsiflexion movement from 0 to 8°. Figure 4 shows 
the schematic design of the oil damper unit. The plantarflexion resistance generated by 
the oil damper could be adjusted in 5–14 Nm at 10° of plantarflexion from 1 (flexible) 

Fig. 3  AFOs used in this study. a AFO-OD: AFO with an oil damper; b RAFO: plastic customized rigid AFO
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to 4 (rigid). In this research, the magnitude of the oil damper was set to moderate mag-
nitude OD2.5 according to the result of prior studies [38, 48]. The customized plastic 
RAFO (Fig. 3b) had no mechanical joints, and ankle trimming lines covered the malleoli.

The initial ankle joints of both AFOs were set to a neutral position. All AFOs in two 
groups were customized by three orthotists in the prosthetic and orthotic department 
of the facility. Eight oil damper joints were prepared (4 right and 4 left) for the AFO-OD 
group. The AFOs were fitted well to ensure suitability.

Gait was measured by a three-dimensional (3D) motion capture system with 6 motion 
capture cameras (Qualisys AB, Sweden) and 2 force plates (Bertec Corp, USA), which 
were placed diagonally adjacent to each other in the middle of the eight-meter walkway. 
Thirty-seven infrared reflective markers were positioned at specified landmarks of par-
ticipants according to Plug-In-Gait Marker Placement. Markers were set on the lower 
limbs (both metatarsophalangeal joints, heels, ankles, shanks, knees, thighs, and hips) 
and the upper limbs (both wrists, elbows, and shoulders). Markers were also placed on 
the thorax (the spinous processes of the 7th cervical vertebra, the 7th thoracic vertebrae, 
the xiphoid process of the sternum, and the jugular notch where the clavicles meet the 
sternum) and on the pelvis (both anterior superior iliac spines and the posterior superior 
iliac spines). The trajectories of markers and the ground reaction force data were sam-
pled at the frequency of 200 Hz and 1000 Hz, respectively.

Study protocol

First, shod gait without AFO was measured at each participant’s self-selected walking 
speed in an 8-m walkway. Each participant was required to land their hemiplegic lateral 
foot exactly intact on one of the force platforms during one test and repeat three times. 
We divided the gait cycle according to the ground reaction force and analyzed this gait 
cycle.

Fig. 4  A schematic design of the AFO with oil damper unit. The oil damper unit consists of a hydraulic 
cylinder(1), a ring portion metal plate (2), and a metal plate (3). An adjustment screw (4) controls the flow rate 
of the oil by varying the orifice diameter; the smaller the orifice diameter, the lower the flow rate, allowing for 
greater resistance to plantarflexion of the ankle joint at heel strike. A spring (5) assists with dorsiflexion. The 
rod cap (6) is used to set the initial angle of the ankle joint
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Next, the participants were randomly allocated to an AFO-OD group or a RAFO 
group in order of participation. Then, the participants started gait training sessions that 
were performed for 1  h daily over 2  weeks under the supervision of physiotherapists. 
The training sessions were the same for both groups and included the simulated practi-
cal walk and general exercises, such as range of motion exercises, balance training, mus-
cle training, and step training. At last, after 2 weeks, gait was measured with and without 
allocated AFOs separately using the same method.

Data processing

Marker trajectories and force plate data were low-pass filtered by a second-order But-
terworth filter with cutoffs of 6 and 18 Hz, respectively. The gait cycle was defined as 
the loading response, single stance, preswing, and swing phase of the paretic limb. These 
phases were distinguished by the vertical component of the ground reaction force (GRF) 
with a force threshold of 10 N for heel contact and toe off the ground. Joint kinematics 
and kinetics were calculated using an inverse dynamic model. The pelvic and thoracic 
angles were calculated as the Euler angles at four moments in three planes, respectively. 
The four moments included IC, CFO, CIC, and FO. Initial contact of the paretic side 
was defined as IC, and the IC of the non-paretic side was defined as the CIC. The angle 
of inclination of the shank segment to the vertical (shank-to-vertical angle, SVA) in the 
sagittal plane was calculated given its importance in assessing the effect of AFOs on 
gait[33]. The GRF was normalized by body weight. Step length was normalized by each 
participant’s body height.

A total of 24 pelvic and thoracic parameters, 17 temporal and spatial factors, SVA, and 
ground reaction forces, and 16 lower extremity joint kinematics were calculated in this 
study. Visual 3D software version 2020.11.2 (C-Motion Inc., Kingston, ON, Canada) was 
used in all the post-data processing.

Statistical analysis

All gait parameters were calculated as the average of three gait cycles for each condition, 
with/without an AFO before training and after training. All data were checked for nor-
mality distribution by the Shapiro–Wilk test.

First, we compared the consistency of the baseline data, including the first shod gait 
data without AFO and general information. An independent t-test was performed for 
normally distributed data and a Mann–Whitney U test was performed for the data 
which were not normally distributed in this procedure.

To know the effect of different types of AFOs after the gait training, two-way repeated 
ANOVA was performed for normally distributed data, with paired factors (condition, 
with and without AFOs) and an unpaired factor (type of AFOs). If no interaction was 
found, the main effects of the two factors were assessed. In cases of interaction, a com-
parison was made between conditions in each AFO group using one-way ANOVA. For 
the data that were not normally distributed, the effect of the conditions was compared 
using the Wilcoxon signed-rank test and the effect of the types of AFOs was examined 
using the Mann–Whitney U test.
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Finally, the correlation analysis of the parameters showing significant interaction was 
done for each group. The level of significance was set at p-values of less than 0.05. All 
statistical analysis were performed using SPSS for Windows version 23 (IBM Corp., 
Armonk, NY).

Abbreviations
AFO	� Ankle foot orthosis
AFO-OD	� AFO with an oil damper
RAFO	� Rigid ankle foot orthosis
IC	� Initial contact
CFO	� Contralateral foot off
CIC	� Contralateral initial contact
FO	� Foot off
SVA	� Shank-to-vertical angle
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