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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 
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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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