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ABSTRACT 
This paper presents a novel actuation solution to 

address the drop foot disorder. The proposed actuator consists 
of a superelastic Nitinol rod with a variable torsional stiffness 
that is adjusted by the controlled application of an axial load. 
The superelastic SMA element enables the AFO to provide 
sufficient torque during dorsiflexion to raise the foot. The 
provided torque at the ankle joint assists the patient in walking 
more naturally and subsequently prevents further issues such as 
muscle atrophy. 
By appraising experimental data of the human gait, ankle 
stiffness is assessed in order to compare ankle behavior for 
various walking speeds during the swing phase. The adjustable 
compliance concept for the AFO is then explained, followed by 
a description of the actuation mechanism and complex loading 
configuration. Numerical modeling is also presented for the 
superelastic element of the AFO under specified multiaxial 
torsion-tension loading. Simulations are performed in 
MATLAB and variable stiffness results are compared with 
experimental data for verification. 

INTRODUCTION 
An Ankle Foot Orthosis (AFO) is a brace often used 

by drop foot patients with paretic ankle dorsiflexor muscles. 
Drop foot is a neuromuscular disorder that deteriorates the 
patients' walking ability to raise their foot up. That happens due 
to muscle function insufficiency at the ankle joint. Drop foot 
might be a temporary or permanent weakness in the affected 
limb. Without treatment, it may develop into a severe disorder, 
capable of damaging other limbs and causing a permanent 
abnormal gait. A controlled force applied by the AFO device 
prevents the foot drop and foot slap defects during swing phase 

of the gait. This is intended to improve patients’ walking 
pattern and normalize the gait [1, 2]. 
A passive AFO assists the ankle during the swing phase of the 
gait. It acts like a torsional spring, recovering the foot 
deflection by providing an external force. These AFOs, 
however, may not adjust to various walking speeds and stride 
patterns. Furthermore, the orthosis’ excessive plantarflexion 
resistance could prevent stable ankle movement. It is therefore 
desirable for the AFO to have adjustable stiffness [3]. 
There are different concepts of powered orthotic devices 
employing hydraulic, pneumatic, magnetic and electric 
actuation mechanisms for producing assistive and resistive 
movement. MIT’s series elastic [4] and Arizona State’s robotic 
tendon [5] are two of the most popular active assistive AFOs. 
Osaka University’s AFO [6], which utilizes a magneto 
rheological (MR) damper is an active device based on resistive 
motion. The problems with these devices are the bulky 
structure and tethered source of power that makes the device 
uncomfortable for daily usage. A portable powered ankle-foot 
orthosis (PPAFO) was developed at the University of 
Champaign Illinois [7] using a pneumatic actuator, a CO2 
power source, and an onboard controller and sensors. Although 
this AFO presents an untethered, controllable device, 
performance of the device as a sustained rehabilitation tool for 
daily wearing depends on future studies and improving the 
endurance of the AFO. 
A novel actuation design based on thermo-mechanical 
properties of shape memory alloys was proposed in Dynamic 
and Smart Systems Laboratory at the University of Toledo 
[8].We investigated combinations of superelastic and shape 
memory wires to develop an active actuator for AFOs.  The 
limitation for this design was heating and cooling of the shape 
memory element due to the limited response time of the 
actuator in comparison to the walking cycle time. A new 

Proceedings of the ASME 2013 Conference on Smart Materials, Adaptive Structures and Intelligent Systems 
SMASIS2013 

September 16-18, 2013, Snowbird, Utah, USA 

SMASIS2013-3272

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 

gener
wires
this 
planta
swing
In th
adjus
parall
multi
outpu
analy
stiffn
shoul
comp
data f
 

GAIT

cycle
is com
both 
limb 
groun
are in
phase
A co
includ
I- He
occur
II- Fo
cycle
III- M
stance
the w
IV- H
leave
V- To
the gr
is usu
VI- S
leg fo
VII- M
and t
15% 
VIII-D
order 
for 15
These
inform
availa
 

ration of SMA
s subjected to 

design SMA
arflexion, whic
g phase. 
his paper we 
table torsiona
lel with the an
-axial loading 

ut profiles acco
ysis is carried 
ess during the
ld be address
paring the num
for the ankle st

T ANALYSIS 
Stance and sw
. During stanc
mprised of thr
feet are in co
stance the left

nd. This is fol
n full contact 
e, one foot swin
mplete gait cy
des the followi
eel strike: The
rs at the momen
oot-flat: Full s
 

Mid-stance: Be
e phase and st

whole gait 
Heel-off: Occu
s the ground, f

oe-off: Occurs 
round and com

ually 10% of th
Swing accelera
or about 10% o
Mid-swing: Oc
the opposite fo
of the cycle 
Deceleration: O

r to prepare it f
5% of gait in te
e eight event
mation about 
able in [10]. 

A AFOs consi
tensile loading

A wires elon
ch assist the fo

have investi
al stiffness. An
kle joint. This 
patterns of S

ording to the ap
out to extract

e swing phase
sed. The conc
merical results 
tiffness. 

wing are the tw
e, the foot sup
ree separate su
ontact with the
t foot swings a
lowed by dou
with the grou

ngs forward wi
ycle for one 
ing events:  
e gait starts w
nt the foot touc
oul contact, w

egins when th
tarts swing. Th

urs during term
for 20% of the 
during termina

mplete foot-gro
he cycle 
ation: After toe
of the gait in in
ccurs when the
oot is in mid-

Occurs when m
for initial conta
erminal swing 
ts describe th

the human g

isting of paral
g was also de
gated during 

foot in dorsifle

igated an act
n SMA rod i
concept is bas
MA which pro

pplication requ
t experimental
 of the gait w
cept is finally
against the ex

wo main phas
pports the whol
ub-phases. At 
e ground, then
and the right fo
uble support, w
und. However,
ith no ground c
leg, as shown

ith an initial c
ches the groun

which lasts 10%

he opposite foo
his event takes

minal stance w
cycle 
al stance when
ound separatio

e-off, the hip a
itial swing 

e active foot is 
stance. It goes

muscles deceler
act at heel strik

he whole gait
gait phases an

llel superelasti
eveloped [9]. I

the powere
xion during th

tive AFO wit
is employed i
sed on specifie
ovides comple

uirements. A ga
l data for ankl
where drop foo
y evaluated b
xperimental ga

ses of the gait
le body, which
the beginning,

n during single
oot touches the
when both feet
 during swing
contact. 
n in Figure 1,

contact, which
d 

% of the whole

ot finishes the
 about 20% of

when the heel

n the toes leave
on occurs. This

accelerates the

in dorsiflexion
s on for about

rate the foot in
ke, which lasts

t cycle. More
nd events are

2

ic 
In 
ed 
he 

th 
in 
ed 
ex 
ait 
le 
ot 
by 
ait 

t 
h 
, 
e 
e 
t 
g 

, 

h 

e 

e 
f 

l 

e 
s 

e 

n 
t 

n 
s 

e 
e 

FIGUR
MAIN
 

in res
Invest
foot d
patien
swing
From 
Hanse
for a h
condit
al. [14
for dif
Bhada
health
plotted
figure
1st and
red, re
clear f
the be
In Fig
gait is
behav
the an
The s
which
 

RE 1: SEGMEN
N EVENTS AND

Ankle joint
sponse to an 
tigations of the
disability as o
nts' walking. B
g, we can achie

experimental 
en et al. [13], 
healthy foot at
tions, publishe
4] are used to 
fferent ankle st
ane [8]. From
hy and drop foo
d for the swin

es, the blue dat
d 2nd order po
espectively, to 
from the graph

est fit for the da
gure 2, the torq
s presented for
ves like a soft n
nkle torque-rota
slow walking 
h resembles a st

NTED CYCLE D
D PHASES [10] 

t stiffness is th
applied ankle

e swing phase
one of the mo
By adjusting 
ve a functiona
data published
data of ankle 
t normal walki
ed data by Han
predict the de
tiffness. Drop f

m the referenc
ot behavior in 
ng phase of the
ta points are ex
olynomial curv

compare the s
hs that the 2nd 
ata. 
que-rotation pr
r swing. Clearl
nonlinear torsi
ation for norma
ankle behavio
tiffer torsional

Copyright © 2

DIAGRAM OF 

he resistance of
e rotation dur

e of the gait id
ost significant
ankle joint s
l gait cycle wit
d by Gabriel e
moment-angle

ing speed. For 
nsen et al. [14
sired behavior
foot gait was in
ced, experime
various speed 
e gait (Figure 
xperimental da
ves are shown
slopes of ankle
order polynom

rofile of the an
ly from this cu
ional spring. F
al walking dur

or is presented
l spring. 

2013 by ASME

HUMAN GAIT

f the ankle join
ring gait [11]

dentify the drop
t issues during
stiffness during
th the AFO. 
et al. [12] and
e are extracted

various speed
] and Lelas et

r of the device
nvestigated by
ental data for
conditions are
2-4). In these

ata. Linearized
n in green and
e stiffness. It's

mial represents

nkle for a fast
urve, the ankle
igure 3 shows

ring the swing.
d in Figure 4,

E 

 
 

nt 
]. 
p 
g 
g 

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 

FIGU
WALK
 

FIGU
NORM
 

FIGU
WALK
 
The2n

differ
from 
speed
for fa

-
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

T
o

rq
u

e 
(N

.m
)

-4
-2

0

2

4

6

8

10

T
o

rq
u

e 
(N

.m
)

 

-4
-5

0

5

10

15

20

25

T
o

rq
u

e 
(N

.m
)

 

URE 2: ANKL
KING SPEED IN

URE 3: AN
MALWALKING

URE 4: ANKL
KING SPEED IN

nd order polyno
rent walking sp
this plot, the a

d. In slow wal
aster speeds.  

-4 -2 0
1

0

1

2

3

4

5

6

 

Angle-Momen
Polyfit 1st ord
Polyfit 2nd or

-2 0

Angle-Mome
Polyfit 1st or
Polyfit 2nd or

-2 0

Angle-Mome
Polyfit 1st or
Polyfit 2nd o

LE TORQUE 
N SWING PHA

NKLE TORQU
G SPEED IN SW

LE TORQUE 
N SWING PHA

omial curves o
peeds are comp
ankle stiffness 
lking, the ankl

2 4
Rot(D

nt of Ankle
der
der

2 4
Rot(De

nt of Ankle
der
rder

2 4
Rot(De

ent of Ankle
rder
order

VS. ROTAIO
ASE OF THE GA

UE VS. RO
WING PHASE O

VS. ROTAION
ASE OF THE GA

of ankle mome
pared in Figure
significantly c

le behaves mu

6 8 10
Degree)

6 8
egree)

6 8
egree)

ON FOR FAS
AIT 

OTAION FO
OF THE GAIT  

N FOR SLOW
AIT  

ent-rotation for
e 5. As implied
changes by the

uch stiffer than

12 14

10 12 1

10 12 14

3

 
ST 

 
R 

 
W 

r 
d 
e 
n 

FIGUR
ANKL
 

ADJU
T

mecha
health
behav
identic
a com
the an
conne
same 
simila
series 
is: 

 

where
stiffne
drop f
It is c
pattern
simila
 

FIGUR
ANKL
 

16

 

4

 

4

-5

0

5

10

15

20

T
o

rq
u

e 
(N

.m
)

 

RE 5: COMP
LE STIFFNESS 

USTABLE CO
The idea is ba
anism for pat
hy walking pa
vior for a heal
cal. Adding a d

mbination of the
nkle stiffness a
ection of the e

rotation as th
ar moment is 

and parallel p

	

	

e  is the desi
ess for the hea
foot ankle. 
considered tha
n to the ankle 

ar moment as sh

RE 6: ANKLE S
LE AND HEALT

-2 0

Fast
Normal
Slow

PARISONSFOR 
IN VARIOUS S

OMPLIANCE 
ased on provid
tients who ne

attern. It is kn
lthy foot and 
device in series
ese two, provid
and help the f
element to the
he ankle. Whi
applied to the

patterns, the de

1

ired stiffness o
althy ankle and

at the element
and to have th
hown in Figure

STIFNESS FOR
THY ANKLE 

2 4
Rot(Deg

Copyright © 2

2nd ORDER 
SPEEDSFOR TH

CONCEPT 
ding an adjust
eed assistance
nown that the 

a drop foot p
s or parallel wi
des a flexible s
foot act norma
e ankle, the el
ile in a series
e element and 
esired stiffness

																			
1

													

of the AFO dev
d  is the s

t to be connec
he same deflect
e 6. 

R THE DEVICE

6 8 10
gree)

2013 by ASME

POLYNOMIAL
HE SWING 

table complian
e to achieve 

ankle stiffnes
patient are no
ith the ankle, o
source to adjus
al. In a paralle
lement has th

s connection, 
the ankle. Fo

s for the devic

																					 1

																					 2

  
vice ,  is th
stiffness for th

cted in paralle
tion rather than

 
E, DROP FOOT 

0 12 14

E 

 
L 

nt 
a 
s 

ot 
or 
st 
el 
e 
a 

or 
e 

 

 

e 
e 

el 
n 

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 

A su
comp
walki
of the
that is
is mo
 Ther
active
 

AFO
In or
conce
Figur
durin
planta
the d
manip
SMA
attach
rotati
linear
torsio
comp
linear
which
Howe
exclu
 

FIGU
ELEM
COMP
STIFF
 

NUM
THE 

mode
Lagou
The 
assum
 
ε

 

uperelastic SM
pliance will ti
ing gait. Howe
e prosthetic ele
s responsible f

ore observable 
refore, a mech
e, that can regu

 ACTUATION
rder to achieve
ept for an actua
re 7.  This me
ng the swing 
arflexion in th
design is to r
pulating the sy

A rod used as
hed to the ank
on provides t
r actuator prov
on-tension load
pliance which i
r actuator. Thi
h could active
ever, it would 

uded from the c

URE 7: TORSI
MENT IN O
PLIANT AC
FNESS 

MERICAL MU
AFO SMA E

The model
els presented by
udas [17].  
following clas

med as the first

S: σ α T

MA element a
imely store a
ever, uncontrol
ement will dec
for propulsion i
in compliant an

hanism must b
ulate the ankle 

N MECHANIS
e required stif
ator mechanism
chanism is aim
phase by rele
e terminal stan
reproduce a v
ystem using a l
s a variable s
kle in series b
orsional loadin

vides the axial l
ding offers th
is controllable 
is system wor
ly be adjusted
be a passive d

configuration.  

ON-TENSION 
ORDER TO 
CTUATOR FO

ULTI AXIAL 
LEMENT 
l used in this 
y Boyd and La

ssic decompos
t step in develo

T ε 										

attached to th
and release en
lled energy sto
line the activit
in the gait. Als
nkles [15]. 
e designed, ei
compliance.  

SM 
ffness for the 
m is proposed,
med at assistin
easing energy 
nce phase. A p
variable stiffne
linear actuator.
stiffness elem

by means of an
ng for the ele
loading. This c

he SMA elem
by loading and

rks as an adap
d to various w
device if the lin

LOADING AP
PROVIDEAN 
OR CONTRO

LOADING 

work is an ex
agoudas [16] an

sition of the 
oping the const

																										

he ankle as 
nergy during 
orage and retur
ty of the muscl
so, this behavio

ither passive o

AFO, a novel
 as depicted in

ng dorsiflexion
stored during

rimary goal of
ess profile by
 A superelastic

ment, which is
n AFO. Ankle
ement and the
combination of

ment adjustable
d timing of the
ptive structure

walking speeds.
near actuator is

PPLIEDTO SMA
ADJUSTABL

OLLINGANKL

MODEL FOR

xtension of the
nd Qidwai and

total strain is
itutive model:

																				 3

4

a 
a 

rn 
le 
or 

or 

l 
n 
n 
g 
f 
y 
c 
s 
e 
e 
f 
e 
e 
e 
. 
s 

 
A 

LE 
LE 

R 

e 
d 

s 

 

Where
Cauch
tensor
The s
two te
transfo
assum
is pro
volum
the fol
 
ε: Γ

 
Where
order 
 
Γ

 
The d
transfo
 

Λ

 
Where
deviat
and ξ
fractio
transfo
stress 
 
Ω

 
To tra
second
materi
 

σ, T

 
The 
supere
propor
differe
 

NUME
N

MATL
supere
length
invest

 

e S, σ, α, T an
hy stress tenso
r, temperature 
ign (:) indicat

ensors. ε  is the
formation in the
med that the ev
oportionally de
me fraction sho

llowing expres

Λξ																

e the newly de
and is defined 

diag 1,1,1, k

direction of the
formation tenso

3
2
HΩ:

σ́
σ

, ξ

Γ:
ε
ξ

	, ξ

e H, σ́ andσ are
toric stress ten

 are the tran
on at the reve
formation at the

tensor: 

diag 1,1,1, k

ansformation, 
d law of therm
ial states. This 

T, ξ 0	 →
ϕ
ϕ

3D model 
elastic NiTi f
rtional and no
ent temperatur

ERICAL RES
Numerical mod
LAB. SMA e
elastic NiTi ro
h of 25 mm. 
tigation are pre

nd T  are the 
or, effective th

and reference
tes double dot
e inelastic stra
e material.  In 

volution of the 
ependent on th
own by  ξ. This
ssion: 

																										

efined transform
as: 

k , k k , k k

e transformati
or Λ and is assu

0

0
																		

e the maximum
nsor and effect
nsformation str
ersal point, w
e end of loadin

, k , k 												

there is an in
modynamics wh

inequality is d

ϕ 0 if	ξ 0
ϕ 0 if	ξ 0

predicts the 
for various lo
on-proportiona
e. 

SULTS 
del for SMA 
element is de
od with a dia
Material prop

esented in Tabl

Copyright © 2

effective comp
hermal expansi
e temperature
t product oper
ain caused by t
the implement
transformation

he change in t
s relation is de

																									

mation identity

																							

on strain is d
umed to be: 

																									

m axial transfor
tive stress, resp
rain and marte

which represen
ng. Ω	is the eff

																									

nequality deri
hich should be 
defined as:  

0
0
																							

mechanical 
oading conditio
l tension-torsi

element is im
esigned for t
ameter of 6.4 
erties used in
e1.  

2013 by ASME

pliance tensor,
ion coefficient
, respectively.
ation between
the martensitic
ted model, it is
n strain tensor
the martensite
efined through

																			 4

y tensor is 5th

																			 5

ictated by the

																	 6

rmation strain,
pectively. ε
ensitic volume

nt the state of
fective identity

																	 7

ived from the
satisfied in all

																 8  

response of
ons including
on patterns at

mplemented in
the AFO is

mm and tota
n the numerica

E 

f

f

n 
a 

al 
al 

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 5 Copyright © 2013 by ASME 

TABLE 1: ELEMENT MATERIAL PROPERTIES 

EA 50.0e3 (Mpa) 
EM 10.0e3 (Mpa) 
Mf 241.0 (K) 
Ms 258.0 (K) 
Af 283.0 (K) 
As 273.0 (K) 
CM 7.5 (Mpa/K) 
CA 8.3 (Mpa/ K) 
ν 0.3 
H 0.03 

 
The loading condition is defined by the following steps: 
Step 1: An axial load is applied by the linear actuator during 
mid-stance for 20% of the gait cycle. 
Step 2: loading torsional load is applied by means of the ankle 
rotation during terminal stance for 20% of the gait cycle. 
Step 3 and Step 4: The axial and torsional loads are recovered 
during the swing phase for about 35% of gait cycle. 
Torsional loading is applied by the ankle during waking, while 
the axial loading is controlled externally. By controlling the 
axial displacement through the actuator, different stiffness 
curves are achievable. Two variables are defined in order to 
control the system. The first is the amount of pretension in 
SMA element, which is applied in step 1 as a linear 
displacement. The second variable is the portion of axial 
recovery during swing, which is determined to be the amount 
of displacement that is recovered in step 4 at mid-swing to the 
total amount of displacement in step 3 and 4. By playing with 
these two variables we can then achieve desired stiffness 
curves. Figure 8 shows how the SMA stiffness curves are 
numerically adjusted to fit into the experimental ankle stiffness. 
The red curve is the experimental data for normal walking 
speed during swing phase. The blue and the green curves are 
the 1st and 2nd order polynomial curve fits. The black curve 
shows loading and unloading behavior of superelastic SMA 
element which is loaded during the stance phase and unloaded 
during the swing. The unloading curve is supposed to fit to 
experimental data as it’s shown in Figure 8. 
 

 
FIGURE 8: DESIRED STIFFNESS CURVE AT SWING BY 
APPLYING MULTI AXIAL LOADING ON SMA ELEMENT  

 
By adjusting pre-tension of the amount of axial recovery, 
according to Table 2, desired stiffness for three different gait 
speeds of slow, normal and fast are attained. Results are 
presented in Figure 9 for the MATLAB modeling of the SMA 
rod under induced tension and torsion loading conditions. 
 
TABLE 2: VARIABLE ADJUSTMENT FOR DIFFERENT GAIT 
SPEEDS 

Gait Speed Pre-tension Portion of axial recovery 
Slow Speed 1 mm 0 % 
Normal Speed 0.5 mm 65 % 
Fast Speed 1.75 mm  50 % 

 

 
FIGURE 9: MATLAB MODELING RESULT FOR DESIRED 
STIFFNESS CURVES AT VARIOUS SPEED CONDITION 

 

CONCLUSION 
A novel adjustable compliant AFO concept is proposed in 

this paper. Based on detailed gait analyses from experimental 
data, stiffness variation is determined in different walking 
speeds through the swing phase of the gait. The actuation 
mechanism is explained by prescribing a superelastic element 
under multiaxial loading conditions, including rotational 
deflection provided by the ankle movement and linear 
displacement provided by a linear actuator. An analytical model 
for SMA tension-torsion loading is then explained and 
implemented. A numerical study was accomplished in 
MATLAB. These were used to find the effect of the actuator 
loading condition on ankle stiffness behavior for different 
walking speeds. Results that verify the performance of the 
concept were then compared and reported. It's inferable from 
the numerical results that nonlinear ankle stiffness is accurately 
attainable by tuning the loading-unloading variables, which are 
SMA pre-tension magnitude during mid-stance and the 
magnitude of axial load recovery during swing. By adjusting 
these two parameters, stiffness curves for different walking 
speeds are achieved. Results demonstrate that by increasing the 
portion of axial recovery and by increasing the pre-tension at 
the same time, we reach a softer behavior which is desired for 
faster walking speeds. Furthermore, by increasing the portion 
of axial recovery and decreasing the pre-tension, behavior 
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required for normal walking speed is obtainable. Moreover, by 
simultaneously decreasing the portion of axial recovery and 
pre-tension, a stiffer behavior desired for slow walking speed is 
achievable. This approach may be extended to more complex 
loading conditions to predict more complicated gait adventures 
like severe speed changes or uphill and downhill walking.  
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