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Abstract— A new design is proposed for an energy storing 

orthosis (ESO) that restores walking to people with spinal cord 

injury by combining functional electrical stimulation of the 

quadriceps muscle with a mechanical brace that uses elastic 

elements to store and transfer energy between hip and knee 

joints. The new ESO is a variation of a previous design and uses 

constant force springs for energy storage. Based on the detailed 

design and on dynamic simulations, the concept has 

demonstrated preliminary technical feasibility.  

I. INTRODUCTION 

Individuals with spinal cord injury (SCI) have limited 
modes of transportation. The wheelchair is the most common 
mobility aid, but 64% of SCI respondents prioritized walking 
as the main form of mobility to experience again [1]. 
Standing is another priority at 25%, and can provide health 
benefits compared to spending long periods in a wheelchair 
[2]. There are 273,000 people living with SCI injuries in the 
U.S. with approximately 12,000 new cases each year [3].   

Several technologies that enable people with paraplegic 
SCI to stand or walk have been developed. They include 
functional electrical stimulation (FES), externally powered 
orthosis, and orthotic bracing. FES is the contraction of 
muscles by electrical stimulation to cause or drive limb 
movement. This technology has been shown to improve 
health and longevity of the user and the muscles [4-6]. 
Electrodes that cause stimulation are connected to the 
muscles by implantation directly into the muscle or on the 
surface of the skin. Implantation is done through surgical 
techniques and is usually left in the muscle permanently [7]. 
By stimulating multiple muscles systematically FES can 
produce assisted standing and gait [8,9]. There are 
limitations when using FES alone to achieve gait. Muscle 
fatigue can occur quickly when using FES [10]. Depending 
on which muscles are being stimulated, placement of the 
electrodes can be difficult to achieve optimal muscle output 
for both implanted and surface stimulation. Joint control can 
also be difficult using FES because of the high number of 
degrees of freedom and because muscle output is not 
repeatable with stimulation input.  

Externally powered exoskeletons generate torque to drive 
the joints to achieve gait [11,12]. The power sources vary 
and examples include batteries and pneumatics. Electric 
motors are the most common way to drive the joint with rigid 

 
K. J. Boughner is a Department of Mechanical Engineering master’s 

student, University of Minnesota, Minneapolis, MN 55455 USA (e-mail: 

boug0037@umn.edu).  

W.K. Durfee is with the Department of Mechanical Engineering, 

University of Minnesota, Minneapolis, MN 55455 USA. (email: 

wkdurfee@umn.edu)  

orthotic bracing on each leg. Since external power is needed, 
power sources must be incorporated into the device, which 
can lead to the device being heavy, and the user carrying 
large loads usually in the head-arm-torso (HAT) region. 
Also, external power sources can quickly run out of energy, 
which makes these devices impractical for everyday use. 

Hybrid devices combine useful aspects of the different 
gait technologies [13-18]. One type of hybrid device 
combines FES with orthotic bracing for better joint control. 
Using this concept, muscle fatigue can be reduced by better 
joint control and by locking the joints and relaxing the 
stimulated muscle to conserve energy as the walking cycle 
advances. For example, Goldfarb et al. used magnetic 
particle brakes for joint control with FES [14]. The energy 
storing orthosis (ESO) is another type of hybrid device 
[13,15,17,18]. The ESO stored energy and used the energy 
with specific timing to drive gait. The advantage of this 
device is that no external power source is needed other than 
the power required for muscle stimulation. Further, with the 
ESO, stimulation of only one muscle can provide the energy 
that is stored in the device. This indicates that the ESO 
devices should be lighter than the externally powered gait 
devices. Another concept for an energy storage device was 
developed by Quintero et al. who completed the preliminary 
design of the joint coupled orthosis (JCO) using an energy 
storage concept [16]. 

In this paper the concept and preliminary design for a 
new ESO device is described. It is based on our previous 
ESO work [15,18], but uses constant force springs to store 
and transfer energy, rather than the pneumatic and 
elastomeric springs used previously. Our new ESO uses FES 
of the quadriceps to drive the knee and also to store energy 
to produce the gait sequence shown in Fig. 1. The quadriceps 
muscle is a suitable muscle for surface FES because of its 
large area and ease of electrode placement. Once the muscle 
energy is stored the joints are locked and unlocked with 
specific timing to prevent muscle fatigue. The purpose of the 
work described here was to determine if the new ESO design 
is feasible to enable continuing development. Here, we focus 
on the hip and knee joint mechanisms, which are novel, and 
not on the entire orthosis or body attachment points, which 
are conventional. 

II. CONCEPT DESCRIPTION 

The gait produced by the ESO has four phases as shown 
in Fig. 1. The required joint ranges of motion are taken from 
Goldfarb et al. [14]. The four phases are: equilibrium, 
stimulation, foot ground contact, and hip extension. 
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The first phase of the gait cycle is the biased equilibrium 
position of the leg. To hold the leg in place at this position a 
locking mechanism is needed at both the hip and knee joints, 
or gravity would prevent the leg from staying at these angles. 
Springs at the hip and knee are needed to hold the leg in this 
position against gravity when the locking mechanism is 
unlocked. 

Figure 1.  Three phases of the ESO gait cycle. 

To transition to the second phase, FES of the quadriceps 
is applied that results in the knee swinging to full extension 
as shown in Fig. 1. To prevent muscle fatigue the knee joint 
is locked at full extension and the FES switched off. During 
knee extension energy from the quadriceps is also being 
delivered to mechanical energy storage elements that in turn 
release their energy at later points in the gait cycle. After the 
knee is fully extended, the user falls forward onto the foot of 
this extended leg to the foot ground contact position. 

The transition to the hip extension phase occurs through 
energy release from the storage element into the hip joint. 
Again the locking mechanism at the hip is important to 
conserve quadriceps energy from being released at improper 
times during gait. The final release of quadriceps energy 
takes place as the leg moves from phase 4 back to phase 1. 
Energy storing mechanisms will flex the leg back to the 
starting equilibrium position.   

III. DESIGN DESCRIPTION 

A.  Structure 

The preliminary ESO design for the right leg only is 
shown in Fig. 2. The left leg of the design is a mirror image. 
Since we are currently interested in the technical feasibility 
of the concept,  the rest of the orthosis above and below the 
thigh segment is not shown. Further, all of the important 
joint locking, energy storage and energy transfer components 
are located on the thigh segment of the ESO. 

Constant force springs were chosen for the energy storing 

elements. There are three springs in the ESO, a hip 

equilibrium spring, a knee equilibrium spring and an energy 

transfer spring. The knee spring and the transfer spring store 

energy when the quadriceps is stimulated. The hip spring 

stores energy when the transfer spring is released. 

Figure 2.  Thigh segment for the ESO. 

B. Design Specifications 

Table 1 shows the design specifications for the ESO. 

Requirements 1 and 2 enable the user to sit in a wheelchair 

with the device. This is needed when resting, and also for 

donning and doffing the device. Requirement 3, locking 

torque, prevents the user from collapsing while wearing the 

device and was derived from earlier work [15]. Requirement 

4, equilibrium torque, is what is needed to move the leg to 

the equilibrium position. These requirements were calculated 

using static analysis. Because the thigh segment contains no 

motors and no batteries, its weight should be less than 

competing devices, which drives Requirement 5. The listed 

weight goal is from our previous ESO [15]. 

TABLE I.  ESO DESIGN SPECIFICATIONS 

No. 
ESO Design Specifications 

Metric Unit Value 

1 Lateral width m <0.54 

2 
Seated join angle hip 

Seated joint angle knee 

Deg 

Deg  

105F 

90F 

3 Locking torque: hip and knee Nm >31 

4 
Equilibrium torque hip 

Equilibribrim torque knee 

Nm 

Nm 

>7.5 

>8.2 

5 Thigh segment weight kg <4.34 

C. Hip Joint 

The hip joint is shown in Fig. 3. Energy storing from the 

quadriceps takes place in a constant force spring made of 

AISI 301 stainless steel. The connection for the thigh 

equilibrium constant force spring is also located on the hip 

joint. The anchor points of the springs were carefully 

selected to provide the desired joint torques.  

A custom wrap spring brake is used to lock the joint. 

Wrap spring brakes work by allowing rotation in one 

direction, but when locked, not the other. With the ESO gait 

sequence, during certain phases, the hip cannot rotate in 

either direction so two coupled wrap spring brakes are used. 

Shafts hold the two wrap springs, and 2024 aluminum alloy 

gears transfer the motion between the two brakes. Miniature 
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servo motors (Hitec, HS-35HD Ultra Nano) are used to 

unlock the wrap springs.   

Figure 3.  Hip joint design. 

D. Knee Joint 

Figure 4.  Knee joint design. 

The knee joint is similar to the hip joint in materials, 

components and function, and is shown in Fig. 4. One 

difference is the need to lock knee rotation in only one 

direction, which means there is a single wrap spring brake at 

the knee. Extension rotation is always allowed because the 

stimulation can be turned off and the knee will no longer 

rotate in that direction due to energy stored in the knee 

equilibrium spring. The knee spring is connected to the knee 

joint at a desired radius arm distance to generate the needed 

torque for holding the joint in the equilibrium position. 

E. Component Choices 

Two components are critical for the operation of the 

ESO: the joint locks and the energy storage springs. For 

locking the joints, wrap spring brakes were chosen.  Other 

options include friction brakes, serrated plates, or dog 

clutches. Wrap spring brakes are advantageous for several 

reasons. The first is user safety. If power failure of the device 

occurs the wrap spring unpowered position locks the joint, 

preventing collapse of the user. Another advantage is the fast 

response because the spring can be actuated with just a small 

motion of the spring’s control tang. A third advantage, which 

is unique to wrap springs, is that the brake can be unlocked 

under load with only a small force needed to move the spring 

tang. This means that a small brake actuation mechanism can 

be used saving space and weight. A fourth advantage is that 

the wrap spring brake has an exceptional holding torque to 

weight ratio and a relatively small device can be used to hold 

the torques seen at the ESO joints when fully loaded. 

Constant force springs were chosen for the energy 
storage component. Other options include coil springs, gas 
springs and rubber bands. Constant force springs have a 
constant force output while being actuated, unlike coil 
springs whose force is proportional to deflection. This is an 
advantage because the largest torque that is needed is when 
the joints are in the flexed position and for a coil spring; this 
is where its force is lowest. Further, with a coil spring, as the 
knee extends, more and more stimulated quadriceps force 
would be needed to extend the spring which could result in 
overexertion and rapid fatigue of the muscle. Constant force 
springs maintain the same force lowering the overall work 
required by the quadriceps to reach full extension.   

IV. EVALUATION 

The CAD model was used to verify the size and weight 
requirements for the ESO. The overall width of the design is 
0.505 m while still accommodating the hip width of the 
average adult male. This is below the specification for 
allowing the user of the device to fit into a wheelchair when 
sitting down. The ESO device’s mass, based on appropriate 
component densities entered into the CAD model, is about 
2.5 kg, which is under the requirement. Further, while not a 
requirement, the joint is compact, extending only 0.032 m 
above the hip and 0.025 m below the knee.  

Figure 5.  Hip torque profiles.  

Figure 6.  Knee torque profiles.    
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The torques each joint experience due to gravity along 

with the energy storing components was estimated using a 

static analysis. Leg parameters, such as weight, size, and 

center of gravity, of an average male were used for the static 

calculations [19]. By specifying a range of joint angles, the 

needed torque to hold the leg at the angles could be 

calculated. Fig. 5 and Fig. 6 show the torque of the hip and 

knee joints as functions of the joint angles. Torque profiles 

are displayed for both a coil compression spring and constant 

force spring that are capable of meeting the needed torque to 

lift the leg to the biased equilibrium position. Compression 

springs do not follow the needed torque curve as well as the 

constant force spring showing that energy from the 

quadriceps will be wasted to overcome this additional 

torque.   

The joint locking torque was modeled to hold the user in 

the standing position without collapse. Static analysis 

showed that a locking torque greater than 31 Nm is needed 

[15]. The wrap springs that are used for this design have a 

locking torque of 40 Nm, with the wrap spring torque 

calculations based on the work of Irby et al. [20].    

V. DYNAMIC SIMULATION MODEL 

A dynamic simulation model implemented in Matlab and 

SimMechanics was used to evaluate the timing and verify the 

operation of the concept. The leg of an average male plus the 

ESO structure were modeled as one two link mechanism 

with the appropriate weights and center of gravity 

[19]. External forces, torques and spring components were 

attached to these linkages to model the stimulation of the 

quadriceps and the energy storage components.   

The simulation predicted a step cycle time of 2.7 s when 

the simulated knee torque caused by FES of the quadriceps 

was set to 15 Nm. While considerably slower than the step 

cycle time of 1 s for non-impaired walking, it is in the range 

of other FES walking devices [14]. The cycle time could be 

reduced with higher values of quadriceps force.   

VI. CONCLUSION 

The ESO described in this paper is a new hybrid orthosis 

concept for restoring walking to people with spinal cord 

injury. The main components of the design are the energy 

storing and joint locking components. Initial evaluation of 

the main components of the ESO design reveals that the 

concept should be feasible for accomplishing gait. To 

validate the design, a working prototype and testing on users 

is needed.   
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