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Damper Ankle Foot Orthosis for Gait Performance
in Drop Foot Patients: A Feasibility Study
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ABSTRACT

Passive and hybrid passive Ankle foot orthoses (AFOs) are the prevalent prescription in
drop foot patients to prevent toe dragging during the swing phase. While, these AFOs have
some limitations like inability to overcome foot slap, limitation in forward propulsion and
inappropriate power generate at the push off. The aim of this study was to design a novel
spring damper and evaluate the immediate effects of this AFO on improving the ankle ki-
netic and kinematic in drop foot patients. This AFO was generated from carbon composite
frame and foot section with posterior hinge and spring damper actuator that controlled
plantar flexion resistance at the early stance, freely dorsi flexion movement with the abil-
ity to store energy during mid-stance movement as well as restore this energy at the pre
swing phase. This AFO was assessed on ten drop foot patients who used Posterior Leaf
Spring AFO conditions and walked at their self-comfortable walking speed. Then the ankle
kinetic and kinematic data in two conditions of with PLS (Posterior Leaf Spring) AFO, and
novel spring damper AFO were assessed. Results showed a significant improve in the im-
mediate effect of the kinetic and kinematic parameters. In conclusion, spring damper AFO
improved all ankle angles in entire gait cycle as well as the ankle moments and power.
Therefore, this AFO should be consider as a selective AFO in drop foot patients.
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Introduction

nkle foot orthoses (AFOs) are prevalently prescribed in drop foot

patients in order to improve foot clearance during swing and the

ankle position at the initial contact and ankle dynamic stability
during the stance phase [1]. Passive AFOs, like posterior leaf spring AFOs,
improve stability and prevent toe dragging during the swing phase by lim-
iting the ankle joints at a fixed position. However, these AFOs have some
disadvantages like limited the ankle joint range of motion and the excessive
knee flexion moment during the loading response [2]. To overcome some
of these disadvantages, a variety of hybrid passive AFOs were designed
and fabricated with some extra elements such as springs and dampers than
passive ones [3]. Therefore, the mechanical property of these AFOs could
be interfered with the normal behavior of the ankle [4].

In normal walking during the initial contact to loading response, con-
trolled plantar flexion was performed by eccentric contraction of dorsi
flexor muscle, emulated by some hybrid passive AFOs like “Gait Solution
AFO” with damper elements, introduced by Yamamoto [4, 5]. Further-
more, in normal walking at the mid-stance, the controlled dorsi flexion
was performed by eccentric contraction of plantar flexion muscle, leading
to energy storing, which was imitated by some hybrid passive AFOs like
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klenzak AFO [5, 6].

Moreover, in normal walking at the pre-
swing, the burst ankle power generation was
happened. Whereas, the most existing damper
or spring based AFOs were unable to perform
enough push-off power (third rocker) [7]. The
main reasons of this inability is the lack of en-
ergy storage in the damper based AFO or short
time of energy absorption in some spring based
AFOs as well as instantaneous energy release
after raising the foot without significant effect
on power generation [8].

With respect to this evidence, a novel hybrid
passive with ability of resisting to plantar flex-
ion, storing-restoring energy and freely range of
motion as well as power generation at the swing
phase was needed.

The aim of this study was to design a novel
spring damper and evaluate the immediate ef-
fects of this AFO on improving the ankle
kinetic and kinematic in drop foot patients.

Material and Methods
AFO fabrication

Novel hybrid passive storing
restoring ankle foot orthosis

The novel AFO is an AFO with a storing re-
storing actuator weighs about 400 g weight
(Figure 1).This novel designed AFO which was
composed of two separate carbon composite
sections and linked together by a side bar to es-
tablish the attachment for actuator mechanism,
however, other parts, including actuator con-

nection and posterior hinge were made from
titanium to decrease total AFO weight com-
pared to the most existing hybrid passive AFOs
(Figure 1). The actuator mechanism was com-
posed of modifiable springs and adjustable
hydraulic shock absorbers. A stainless-steel
articulation was placed at the back of the AFO
without limiting or interfering ankle joint which
was slightly protruded the posterior part from
patients dress. We could also design an adjust-
able slider in front of the shank cuff which could
be moved up and down on the rail in order to
compensate for the differential motion between
AFO and paretic limb (Figure 2).

The novel AFO consists of elements as
follows:

1) A carbon composite anterior shell: this part
of AFO was made of carbon composite, coated
with a neoprene layer, encompassed around
the shank. The purpose of this was to create an
interaction between the AFO and the patient’s
limb and to create a stable surface for the rail
mechanism (Figure 2).

2) The rail mechanism was used to provide
the motion difference between the AFO and the
shank to increase the range of motion in sagittal
plane. (Figure 2).

Initial adjustment of the rail position can be
accomplished by several holes embedded in the
mechanism.

3) A posterior articulation was decided to
place the AFO joint at the posterior part of AFO
in a point away from the anatomical joint to
maximize the range of motion without the ana-
tomic ankle joint limitation (Figure 2).
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Figure 1: Novel hybrid passive spring damper ankle foot orthosis
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Figure 2: Mechanical elements of the novel
spring damper Ankle foot orthose (AFO)

4) The removable steel spring was used to ab-
sorb or store energy due to its structural elastic-
ity (Figure 2).

5 The adjustable hydraulic viscous damper
system was used for energy damping, which
could be adjusted according to the need and ac-
tivity level of the patient (Figure 2).

6) The foot section was individually con-
structed and attached to rest of the AFO by
a set of screws, which was easily removed
(Figure 2).

Functional algorisms of novel AFO
in gait cycle

In the initial contact to the loading response,
as a result of dorsi flexion eccentric moment
absence, the controlled plantar flexion was gen-
erated by hydraulic damper until neutral ankle
angle, which was prevented foot slap.

In the middle to late stance, novel AFO acted
in two steps as following: the first step started
from loading response to mid stance in which
novel AFO reached the neutral angle from plan-
tar flexion at the previous phase with no spring
or damper movement around the joint and only
with the aid of the posterior free hinge and rail
length difference, providing no impediment to
movement. In the next step, from the mid to the
late stance, the spring engaged and stored en-
ergy until push off.

In the push off sub phase, the stored energy
by both the spring and damper were engaged to

generate controlled push off power (Figures 1
and 2).

Functional algorisms of novel AFO
in gait cycle

During the initial contact to the loading re-
sponse, the controlled plantar flexion was gen-
erated by hydraulic damper until neutral ankle
angle that prevented foot slap.

During the middle to late stance, novel AFO
acted in two steps, including: the first step
starting from loading response to mid stance,
in which novel AFO reached the neutral angle
from plantar flexion at the previous phase, with
no spring or damper movement around the pos-
terior articulation and rail length difference. In
the next step, from the mid to the late stance, the
spring engaged and stored energy until push off.

Participants

The study sample was included ten right foot
drop feet patients (7 men; 3 women), recruited
from the occupational therapy center, rehabilita-
tion school of rehabilitation, Iran University of
Medical Sciences, Tehran, Iran. All the patients
filled up and signed an informed consent form
before the start of this study, and the study pro-
tocol was approved by the Medical Ethics Com-
mittee of Iran in University of Medical Sciences
with the ethic code 808063. Each participant
had a confirmed diagnosis of drop foot with any
reason for the central and peripheral nervous
system.

The inclusion criteria were a clinically ob-
served unilateral drop-foot using PLS (Pos-
terior Leaf Spring) AFO as a routine AFO
and ability to walk at least 20 min without
assistance. Exclusion criteria consisted of
significant heart or metabolic disease, previ-
ous abnormalities in visual/vestibular func-
tions, emotional instability, and previous frac-
ture of both lower limbs, leading to difficulty
in walking, severe poly neuropathy, presence
of muscle spasms or contractures in lower
extremity joints.

Study design and procedure
Fifteen retro-reflective spherical markers
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were set according to the biomechanical model
of Helen Hayes [9] at the anatomical landmarks
on the posterior sacrum, the bilateral anterior
superior iliac spine (ASIS), the medial and lat-
eral femoral condyles. These markers help to
ensure that six infrared cameras of the motion
capture (Qualisys workstation AB, Gothenburg,
Sweden 2013) tracked the joint angles correct-
ly at a sampling rate of 100 Hz. To determine
the ground reaction force (GRF), force plates
(Kistler Holding AG, Winterthur, Switzerland,
Model 9286B), embedded into the floor were
employed at a sampling rate of 1000 Hz. This
force plate was synchronized to the motion cap-
ture system [10-12].

At the beginning of the examination, the pa-
tients were asked to walk at least for 10 to 20
min with their own PLS AFOs/shoes and newly-
designed AFO/own shoes at their self-selected
convenient speed. After that, in each condition
retro-reflective spherical markers were set at an-
atomical landmarks according to Helen Hayes’s
model. Each patient walked with his/her own
shoes and both AFOs for 10 meters to track the
motions using the motion capture system. Then
the patients rested for 2 min to record each set of
data. Every trial was repeated three times.

Data processing

Motion and force data were low-pass fil-
tered at 14 Hz and 39 Hz, respectively, using
fourth-order, zero-lag, and Butterworth filters,
determined by the residual analysis method
described by Winter [12]. GRF trajectory data
were low-pass filtered using a 4th-order Butter-
worth filter with cutoff frequencies of 50 and 6
Hz, respectively. After, the link segment model
was defined; a biomechanical inverse dynamics
model was applied to compute joint kinematics
and kinetics. Kinematic joints were determined
using Euler angles with the pelvis, hip, knee,
and ankle kinematics defined by Cardan rotation
sequences. Therefore, for each subject, kine-
matic (joint angles) parameters were recorded.
The vertical component of GRF was employed
to make sure about sufficient toe clearance at the
swing phase with AFO during trials. The out-
comes were normalized by body mass.

Statistics

All statistical analysis was performed using
SPSS software 19.0, with a significant P-value
set at 0.05. The data were tested for normal dis-
tribution using the Kolmogorov—Smirnov test.
For normal and abnormal distribution, an inde-
pendent t-test and non-parametric Wilcoxon test
were used, respectively.

Results

This study recruited drop foot patients with
the mean age of 65.18 (SD: 12.56), the mean
time of 7.4 years after diagnosis and the mean
comfortable selected speed in novel and PLS
AFO were 1.81 (SD: 0.5) and 0.7 (SD: 0.63)
m/s, respectively. According to the result of this
study, the ankle angle at the loading response in
the novel and PLS AFO were -15.28 (SD: 0.81)
and -9.90 (SD: 0.85) degree, respectively. Ac-
cording to the result of this study, the ankle an-
gle at the mid to terminal stance in the novel and
PLS AFO were 15.52 (SD: 0.98) and 5.44 (0.28)
degree, respectively and the ankle angle at the
pre-swing in the novel and PLS AFO were
-23.58 (SD: 1.31) and -14.0 (1.72) degree, re-
spectively. Moreover, ankle angle at the mid
swing in the novel and PLS AFO were -8.44
(1.53) and -5.48 (SD: 0.49) degree, respectively
(Table 1).

Discussion

The main objective of the current study was to
develop a novel designed AFO with conceptual
mechanical actuator to overcome some draw-
backs of traditional passive and hybrid passive
AFOs in drop foot patients.

The findings of the present study indicated a
significant improvement in the peak of the an-
kle plantar flexion and peak power absorption in
spring damper AFO than PLS AFO, confirmed
with other studies [2, 11, 12].

The adjustable damper element of spring
damper AFO emulated the eccentric contraction
of dorsi flexor muscles in producing controlled
plantar flexion, to prevent foot slap.

In this regard, Yamamoto compared the oil
damper AFO and auricular AFOs with plan-
tar flexion lock and found that the ankle joint
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Table 1: Result of the kinematic and kinetic parameters in the affected side with a novel Ankle Foot

Orthose (AFO).

Parameter description Novel AFO PLS AFO P-value
Ankle angle at the initial contact (degree) -2.94(4.56) 3.14(4.66) 0.07
Ankle angle at the loading response (degree) -15.28(0.81) -9.90(0.85) 0.00
Ankle angle at the mid to terminal stance (degree) 15.52(0.98) 5.44(0.28) 0.00
Ankle angle at the pre swing (degree) -23.58(1.31) -14.0(1.72) 0.00
ISW Ankle angle at the initial swing (degree) -3.10(0.31) -2.66(0.54) 0.00
Ankle angle at the mid swing (degree) -8.44(1.53) -5.48(0.49) 0.26
Ankle angle at the terminal swing (degree) 3.88(0.49) 0.49(0.89) 0.42
Dorsi flexion eccentric moment at the loading responses N/Kg -1.22(0.34) 2.08(0.22) 0.00
Power absorption at the loading responses W/Kg -0.90(0.21) 0.12(0.04) 0.00
plantar flexion concentric moment at the mid to terminal stance N/Kg 11.06(1.28) 3.78(1.11) 0.00
Power generation at the pre swing W/Kg 2.02(0.25) 0.18(0.08) 0.00

AFO: Ankle Foot Orthose, PLS: Posterior Leaf Spring

gradually approached the peak of plantar flex-
ion with the oil damper AFO without exces-
sive flexion in the knee and hip joints. Based on
the results of this study, during the mid to late
stance phase, the peak ankle dorsi flexion, the
ankle eccentric dorsi flexion moments and the
peak power absorption significantly increased
using novel AFO than PLS, confirmed in other
studies. During these phases, the free move-
ments of the posterior hinge and anterior rail
increased the ankle range of motion especially
in dorsi flexion direction and optimized energy
storage at the spring elements, which was con-
firmed in some studies on passive (dynamic,
carbon) and hybrid passive (Klenzak and modi-
fied Klenzak) AFOs. In contrast, some passive
AFOs with an inflexible or stiff mechanical ele-
ments impeded this phase and reduced the mo-
ment and power at this phase. During the late
stance to pre-swing, the peak ankle plantar flex-
ion and the ankle power generation significantly
increased with Novel AFO than PLS, confirmed
with some studies [13]. During these phases, the
coordinated performance of spring and damper
elements of the actuator released the energy
which was stored from previous phases pro-
portionally and generated the controlled push
off power [14] at this phase. These results were
in line with other studies on some passive and
hybrid passive AFOs with structural flexibil-

ity (dynamic, carbon) or spring element in the
energy storage section (modified Klenzak and
modified Klenzak AFO) [15].

The findings of the present study indicated
that a novel AFO significantly increased the
peak plantar flexion concentric moment and
power generation in the late stance to pre-swing
than PLS AFO, which was confirmed with some
studies [11]. The possible cause of this increase
was the effectiveness co-activation of damper
and spring elements in improving the plantar
flexion power at these phases.

To the best of our knowledge, no study has in-
troduced spring damper AFO with the ability to
provide controlled plantar flexion at the loading
response, free angular movement at the ankle
joint during mid stance and has also improved
push off power at the pre swing phase.

There are some limitations in this study, in-
cluding the limitations on interaction and syn-
ergy of the kinetic and kinematic parameters
without attention to muscle electromyography
and the small sample size of this study, i.e. the
larger sample size and long-term daily use in as-
sociated with gait training was needed.

Conclusion

In conclusion, since most AFOs are designed
to prevent ankle plantar flexion (with plantar
flexion resistance) at the swing phase, the ma-
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jority of passive or hybrid passive AFOs are
designed in the dorsi flexion at the swing phase
to ensure toe clearance from the ground. These
types of AFOs can greatly reduce the power
generation at this phase without preventing
foot slap. Novel AFO combined damper and
spring elements and managed to resolve these
problems to some extent.

Authors’ Contribution

E. Pourhoseingholi conceived the idea. Intro-
duction of the paper was written by H. Saeedi
and E. Pourhoseingholi. E. Pourhoseingholi
and H. Saeedi gather the images and the related
literature and also help with writing of the
related works. The method and result implemen-
tation was carried out by E. Pourhoseingholi. The
research work was proofread and supervised
by E. Pourhoseingholi. All the authors read,
modified, and approved the final version of the

manuscript.

Conflict of Interest
None

References
1. Amerinatanzi A, Zamanian H, Shayesteh Moghaddam N,
Jahadakbar A, Elahinia M. Application of the superelas-
tic NiTi spring in ankle foot orthosis (AFO) to create nor-
mal ankle joint behavior. Bioengineering. 2017;4(4):95.
doi: 10.3390/bioengineering4040095. PubMed PMID:
29215571. PubMed PMCID: PMC5746762.

2. Tyson SF, Sadeghi-Demneh E, Nester CJ. A systematic
review and meta-analysis of the effect of an ankle-foot
orthosis on gait biomechanics after stroke. Clin Rehabil.
2013;27(10):879-91. doi: 10.1177/0269215513486497.
PubMed PMID: 23798747.

3. Dollar AM, Herr H. Lower extremity exoskeletons and
active orthoses: Challenges and state-of-the-art. /EEE
Transactions on Robotics. 2008;24(1):144-58. doi:
10.1109/TR0.2008.915453.

4. Yamamoto S, Hagiwara A, Mizobe T, Yokoyama O, Ya-
sui T. Development of an ankle—foot orthosis with an
oil damper. Prosthet Orthot Int. 2005;29(3):209-19.
doi: 10.1080/03093640500199455. PubMed PMID:
16466151.

5. Pourhosseingholi E, Farahmand B, Bagheri A, Kamali
M, Saeb M. Efficacy of different techniques of AFO con-
struction for hemiplegia patients: A systematic review.
Med J Islam Repub Iran. 2019;33:50. doi: 10.34171/
m;iri.33.50. PubMed PMID: 31456974. PubMed PM-
CID: PMC6708092.

6. Alam M, Choudhury IA, Mamat AB. Mechanism and
design analysis of articulated ankle foot orthoses for

10.

11.

12.

13.

14.

15.

drop-foot. Scientific World Journal. 2014;2014:867869.
doi: 10.1155/2014/867869. PubMed PMID: 24892102.
PubMed PMCID: PMC4032669.

. Daryabor A, Arazpour M, Aminian G, Baniasad M, Ya-

mamoto S. Design and evaluation of an articulated ankle
foot orthosis with plantarflexion resistance on the gait:
A case series of 2 patients with hemiplegia. J Biomed
Phys Eng. 2020;10(1):119-28. doi: 10.31661/jbpe.
v0i0.1159. PubMed PMID: 32158719. PubMed PMCID:
PMC7036417.

. Pourhoseingholi E, Saeedi H, Kamali M, Jalali M. The ef-

fect of articulated AFO with hydra pneumatic damper in
biomechanical characteristic of drop foot: A pilot study.
Med J Islam Repub Iran. 2020;34:115. doi: 10.34171/
mjiri.34.115. PubMed PMID: 33315978. PubMed PM-
CID: PMC7722968.

. Fujimoto M, Suzuki S, Kuki H, Masuda M, Takei K, Ya-

mamoto M. Major patterns of plantar flexion resistive
torque during the gait cycle in healthy young adults
wearing ankle foot orthoses with a plantar flexion
stop: a pilot study. J Phys Ther Sci. 2019;31(7):504-
7. doi: 10.1589/jpts.31.504. PubMed PMID: 31417210.
PubMed PMCID: PMC6642900.

Saeedi H, Pourhoseingholi E. Comparison the effect
of kinetic parameters of innovative storing-restoring
hybrid passive (comfort gait) ankle-foot orthosis
(AFO) with posterior leaf spring AFO in drop-foot pa-
tients: a prospective cohort study. Current Ortho-
paedic Practice. 2020;31(5):437-41. doi: 10.1097/
BC0.0000000000000915. PubMed PMID: 33816372.
PubMed PMCID: PMC8004578.

Desloovere K, Molenaers G, Van Gestel L, Huenaerts C,
Van Campenhout A, Callewaert B, Van De Walle P, Seyler
J. How can push-off be preserved during use of an ankle
foot orthosis in children with hemiplegia? A prospec-
tive controlled study. Gait Posture. 2006;24(2):142-51.
doi: 10.1016/j.gaitpost.2006.08.003. PubMed PMID:
16934470.

Kobayashi T, Singer ML, Orendurff MS, Gao F, Daly WK,
Foreman KB. The effect of changing plantarflexion resis-
tive moment of an articulated ankle—foot orthosis on
ankle and knee joint angles and moments while walking
in patients post stroke. Clin Biomech. 2015;30(8):775-
80. doi: 10.1016/j.clinbiomech.2015.06.014. PubMed
PMID: 26149007. PubMed PMCID: PMC4568124.

Yokoyama O, Sashika H, Hagiwara A, Yamamoto S, Yas-
ui T. Kinematic effects on gait of a newly designed ankle-
foot orthosis with oil damper resistance: a case series
of 2 patients with hemiplegia. Arch Phys Med Rehabil.
2005;86(1):162-6. doi: 10.1016/j.apmr.2003.11.026.
PubMed PMID: 15641008.

Yamamoto M, Shimatani K, Hasegawa M, Murata T, Ku-
rita Y. Effects of altering plantar flexion resistance of an
ankle-foot orthosis on muscle force and kinematics dur-
ing gait training. J Electromyogr Kinesiol. 2019;46:63-
9. doi: 10.1016/j.jelekin.2019.03.003. PubMed PMID:
30927632.

Pourhoseingholi E, Kamali M, Saeedi H. Investigating
the effect of innovative storing-restoring hybrid passive
ankle-foot orthosis on braking and propulsion impulse
of walking in drop-foot patients: a prospective cohort
study. Current Orthopaedic Practice. 2021;32(2):146-
50. doi: 10.1097/BC0.0000000000000960.

382 \

J Biomed Phys Eng 2023; 13(4)



