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Abstract²This paper describes the design and 

implementation of a cooperative controller that combines 

functional electrical stimulation (FES) with a powered lower 

limb exoskeleton to provide enhanced hip extension during the 

stance phase of walking in persons with paraplegia. The 

controller utilizes two sources of actuation: the electric motors of 

WKH�SRZHUHG�H[RVNHOHWRQ�DQG�WKH�XVHU¶V�KDPVWULQJV�DFWLYDWHG�E\�

FES. It consists of a finite-state machine (FSM), a set of 

proportional-derivative (PD) controllers for the exoskeleton and 

a cycle-to-cycle adaptive controller for muscle stimulation. Level 

ground walking is conducted on a single subject with complete 

T10 paraplegia. Results show a 34% reduction in electrical 

power requirements at the hip joints during the stance phase of 

the gait cycle with the cooperative controller compared to using 

electric motors alone. 

I. INTRODUCTION 

Spinal cord injury is a devastating condition with no 

available cure to date. Despite ongoing research in areas such 

as stem cell therapy and neuronal regeneration, these fields are 

still in preclinical states and thus far have made little clinical 

impact at the patient level. On the other hand, functional 

electrical stimulation (FES) is already in use in areas such as 

breathing, bowel and bladder function, and hand grasp [1, 2]. 

In the past few decades, many researchers have developed 

FES-based gait restoration systems for persons with 

paraplegia [3-6], including the commercially-available 

Parastep system [7]. However, these devices have shown 

limited everyday usability due to some key limitations such as 

muscle fatigue, uneven muscle response, and lack of sensing 

for control purposes, resulting in limited run time and 

inconsistent gait motions [1, 8]. Some researchers have 

addressed these problems using hybrid systems combining 

FES with computer-controlled passive lower limb braces 

[9-14]. Others have developed fully-powered, electric 

motor-actuated lower limb exoskeletons without the use of 

FES [15-22]. 

The authors have recently developed a powered lower 

limb exoskeleton, shown in Fig. 1 [23, 24]. Whereas prior 

publications by the authors have described the design and 

demonstrated the efficacy of the powered exoskeleton [23, 

24], this paper describes the use of supplemental FES of the 

hamstring muscles to enhance stance phase propulsion during 

level walking. This hybrid approach has a few advantages 
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compared to using either FES or electric actuators alone. 

Compared to using FES alone, the powered exoskeleton 

provides joint motions that are otherwise difficult to achieve 

consistently (e.g. hip flexion). Even for motions that can be 

achieved using FES, the exoskeleton ensures that the joint 

trajectories stay consistent in the presence of time-varying 

muscle behavior, providing consistent and repeatable gait. 

Compared to using a powered exoskeleton alone, the addition 

of FES reduces electrical power consumption while providing 

additional joint torques. Furthermore, FES provides 

physiological benefits to persons with paraplegia [1]. 

In this work, the authors present a cooperative controller 

combining the powered exoskeleton and FES of the hamstring 

muscles during the stance phase of the gait cycle (i.e. during 

hip extension of the weight-bearing leg). 

II. HAMSTRINGS AS HIP EXTENSORS 

The hamstrings consist of three heads: semitendinosus, 
semimembranosus, and the long head of biceps femoris. They 
are biarticular muscles spanning both the hip and knee joints 
with their two main actions being knee flexion and hip 
extension [25]. Hamstring contraction generates an extension 
torque at the hip when the knee joint is immobilized, as it is in 
this application by the normally-locked knee joints of the 
exoskeleton. 

III. HARDWARE 

A. Vanderbilt Exoskeleton 

The Vanderbilt exoskeleton is a powered exoskeleton 

described in [23, 24] for gait restoration in persons with 

paraplegia. It includes actuated hip and knee joints and has a 

PDVV�RI����NJ�������OE��LQFOXGLQJ�WKH������9������$ÂKU�OLWKLXP�

polymer battery. The knee joints are normally-locked, so that 

the unit does not collapse in the event of a power failure. Also, 

because the brakes are normally-locked, they require no 

additional electrical power to immobilize the knees during 

hamstring contractions (so that hip extension occurs). The 

device does not have foot and ankle sections, as it is designed 
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Figure 1. Vanderbilt exoskeleton 

34th Annual International Conference of the IEEE EMBS
San Diego, California USA, 28 August - 1 September, 2012

344978-1-4577-1787-1/12/$26.00 ©2012 IEEE



  

to be used with standard ankle foot orthoses (AFOs). An 80 

MHz PIC32 microprocessor on the electronic board in each 

thigh segment provides low level control of the joints. High 

level control runs on MATLAB Real-Time Workshop and 

communicates with the exoskeleton via an RS-232 interface. 

B. Stimulator 

A self-contained stimulator board located in each thigh 
segment produces current-controlled symmetrical biphasic 
stimulation waves at 50 Hz and at a 2% duty cycle (i.e., a 200 
ms pulsewidth each for the upwave and the downwave for a 
combined pulsewidth of 400 ms). Commercially-available 
TENS surface electrodes are used. 

IV. CONTROLLER 

A. Exoskeleton Control Architecture 

The exoskeleton controller consists of a finite-state 
machine (FSM) at high level, and a set of 
proportional-derivative (PD) controllers at low level, as 
described in [23] and also shown in part in Fig. 2. The high 
level FSM uses sensory data from the exoskeleton to 
determine the state, followed by the low level PD controller 
commanding appropriate trajectories for the joints. For 
example, if the subject leans forward while in the right 
forward state (i.e. standing with right foot forward), the FSM 
switches the state from right forward to right stance. Once the 
state goes into right stance, the low level PD controller 
extends the right hip and flexes the left hip, while flexing and 
extending the left knee (to take a left step). 

B. Cooperative Controller Combining FES with Exoskeleton 

The goal of the cooperative controller is to maximize the 
use of muscle power while preventing the muscles and the 
exoskeleton from working against each other. That is, the 
hamstrings should help the exoskeleton extend the hip when 
extension torques are needed while not affecting the system 
when flexion torques are needed. To achieve this, the 
controller uses a constant stimulation level and varies the 
timing of stimulation based on both the FSM and hip joint 
torques from previous steps. 

Fig. 2 illustrates the states in which hamstring contractions 
occur. Because the hip extends during the stance phase of the 
corresponding side, right hamstrings are stimulated in right 
stance (when taking a left step) and left hamstrings in left 

stance (when taking a right step). The hamstrings are also 
stimulated in double support (standing in right forward or left 
forward states) because the exoskeleton requires a significant 
amount of hip extension torques for torso stability. Only the 
forward leg is stimulated to achieve smoother transition into 
the stance phase and to reduce muscle fatigue. A 2-second 
time limit on stimulation is imposed in these states in case 
users choose to stay standing in double support without taking 
a step. 

Within the right stance and left stance states, the controller 
adapts the timing of stimulation based on the zero-crossing 
time of hip torques from previous steps (Fig. 3). That is, the 
controller monitors when the exoskeleton shifts from 
providing extension torques to flexion torques and updates the 
stimulation off time for the following step. This is done to 
ensure that the muscles do not exert extension torques when 
the system needs flexion torques (towards the end of the step). 
The off time is updated based on the weighted moving average 
value. Although a preset stimulation off time at around 0.8 s 
would provide a reasonable performance for the subject in this 
paper, a cycle-to-cycle adaptive controller is used to account 
for step-to-step variations and to reduce the need for manual 
tuning between subjects. Stimulation is turned off a set 
duration before the zero-crossing time to account for delays 
from muscle physiology and dynamics [26]. The delay was 
observed to be approximately 150 ms for the subject in this 
paper. Therefore, the controller turns off the stimulation 150 
ms before the zero-crossing time. 

V. EXPERIMENTAL IMPLEMENTATION 

A. Subject 

The controller was implemented on a single paraplegic 

subject with a complete sensory and motor T10 injury 

(American Spinal Injury Association, ASIA, A classification). 

The subject was a 36-year-old male (1.85 m, 75 kg) and was 

already familiar with walking with the Vanderbilt exoskeleton 

(without FES). 

B. Experimental Setup 

Commercially available TENS surface electrodes were 

used to stimulate the hamstring muscles. With the subject 

lying prone on a mat, surface electrodes were applied to the 

posterior thigh. Before donning the exoskeleton, hamstring 

contractions and resulting hip extensions were visually 

confirmed with the subject on his side (Fig. 4a). After donning 

the exoskeleton, the subject was instructed to walk around at 

 
Figure 2. State-flow diagram showing the states involved in walking and 

when hamstring stimulation occurs. Left hamstrings are stimulated in 

left forward (standing with left foot forward) and left stance (taking a 

right step). Right hamstrings are stimulated in right forward (standing 

with right foot forward) and right stance (taking a left step). 

  

 
Figure 3. Cooperative controller for the Vanderbilt exoskeleton with 

cycle-to-cycle adaptive FES timing. Hamstrings are stimulated in double 

support and stance states. The controller adapts the timing of stimulation 

within each state based on hip torque data from previous steps.  
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his own pace (Fig. 4b). The subject walked in two 10-minute 

sessions (20 minutes total), during which FES was turned on 

and off every few minutes. 

VI. RESULTS 

During 20 minutes of periodic walking, the subject took 

156 steps total: 76 with FES and 80 without FES. Fig. 5 shows 

the exoskeleton hip joint torque averaged over all steps taken 

during the stance phase with FES (solid red) and without FES 

(dashed blue). Fig. 6 shows the exoskeleton hip power for the 

same interval. The hip joint torque was lower with FES during 

the first 0.85 s (FES was assisting the exoskeleton), and the 

torque requirements were similar towards the end of the step 

with or without FES (FES was not working against the 

exoskeleton when flexion torques were needed), indicating 

that the cycle-to-cycle adaptive controller turned off the 

stimulation at appropriate times. 

The RMS hip torque the exoskeleton provided throughout 

WKH�VWDQFH�SKDVH�ZDV������1ÂP�ZLWK�)(6�FRPSDUHG� WR������
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power requirement during the stance phase was 4.1 W with 

FES compared to 6.2 W without FES for a reduction of 34% 

�7DEOH�,���7KDW�LV��WKH�VXEMHFW¶V�KDPVWULQJV�SURYLGHG�����RI�

the hip torque and 34% of the total power during hip extension 

while the exoskeleton provided the remaining required torque 

and power, respectively. 

VII. DISCUSSION 

A. Overall Power Consumption 

The use of hamstrings for hip extension lowered power 

consumption during stance phases. Although not explicitly 

presented in this paper, power consumption during double 

support phases was also lowered, and other phases of the gait 

cycle remained unaffected. Power consumption by the 

stimulator is minimal, as it provides 120 mA of current across 

DSSUR[LPDWHO\� �� N
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approximately 300 mW on average). Because the knee brakes 

are normally locked and only require power to unlock them, 

the device does not require any additional electrical power to 

ensure that hamstring contractions result in hip extension 

rather than knee flexion. In short, one would expect that the 

overall (battery) power consumption of the exoskeleton would 

be substantially lower with FES relative to the electrical 

power consumption without. 

B. Stimulation Level 

Initially, the stimulation levels were varied between steps 

using a cycle-to-F\FOH� DGDSWLYH� FRQWUROOHU�� EXW� WKH� VXEMHFW¶V�

hamstrings were incapable even at maximum stimulation to 

provide greater amounts of the hip torque than those required 

during the stance phase of walking. That is, the adaptive 

controller consistently saturated at the maximum stimulation 

amplitude of 120 mA. Consequently, the authors used a preset 

level of 120 mA for the subject in this paper. In the future, 

TABLE I 

RMS EXOSKELETON HIP TORQUE AND POWER WITH AND WITHOUT FES 

 
Without FES With FES 

Contribution 

from FES 

RMS Hip 

Torque (SD) 
22.6 NÂm 

(7.6) 

15.9 NÂm 

(7.4) 
30% 

RMS Hip 

Power (SD) 

6.2 W 

(3.1) 

4.1 W 

(2.5) 
34% 

 

 
Figure 5. Exoskeleton hip joint torque during extension without FES 

(dashed blue) and with FES (solid red). Thick lines are joint torques 

averaged over all steps taken. Thin lines indicate one standard deviation. 

  

 
Figure 6. Exoskeleton hip joint power during extension without FES 

(dashed blue) and with FES (solid red). Thick lines are joint power 

averaged over all steps taken. Thin lines indicate one standard deviation. 

  

   
Figure 4. Experimental setup. a) Surface electrodes placed over the 

posterior thigh. b) Subject walking with the exoskeleton. 
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adaptive stimulation level may be implemented on a different 

subject with stronger hamstrings or could be used on the 

subject in this paper, assuming he builds hamstring muscle 

strength over time. 

C. Muscle Fatigue 

Within the data presented in this paper, signs of muscle 

fatigue were observed. Although not shown in this paper, 

hamstring contribution for hip extension declined towards the 

end of the session compared to the beginning. Nevertheless, 

muscle fatigue did not affect the overall system performance 

(since the exoskeleton supplies the torque that the hamstrings 

cannot), and the subject was able to continue walking with 

consistent and repeatable gait behavior. This demonstrates 

that combining FES with the exoskeleton provides safe and 

reliable gait even in the presence of muscle fatigue. 

VIII. CONCLUSION 

The authors have developed a cooperative controller 

combining FES of the hamstrings with a powered exoskeleton 

for hip extension during walking. The controller was 

implemented on a single subject with T10 complete sensory 

and motor paraplegia. Experimental results indicate that the 

hamstrings and the exoskeleton cooperatively generated hip 

extension torques without working against each other, 

resulting in reduced torque requirements and electrical power 

consumption during level walking. 
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