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Abstract: Commercially available prosthetic elbows have stiff actuators (motors) that are only 
capable of motion (position or velocity) control. In an attempt to mimic human physiology while 
accommodating prosthetic demands, a non-backdrivable motor has been created that is less stiff 
and capable of impedance control. Impedance control responds well to different environments 
and the presence of perturbations. Results have shown that this motor, though non-backdrivable 
to ensure sufficient battery supply, is still capable of exerting sufficient torque, speed, and 
frequency bandwidth to be useful in prosthetics. In the future, patients will be fit with this type of 
motor to examine if they objectively and subjectively perform better using this more 
physiologically appropriate prosthesis.      

INTRODUCTION 
Commercially available electrically powered prosthetic elbows are stiff and unyielding. Making 
these artificial limb replacements more closely mimic human elbows by reducing their stiffness 
may be beneficial. Several other potential advantages of reducing the stiffness of prosthetic 
elbows include creating elbows that are less likely to break in the event of a fall, improving 
movement cosmetics, and improving physical interaction with the environment. 

In addition to having reduced stiffness compared with current electrically powered prosthetic 
elbows, humans modulate the stiffness of their joints depending on the task. Different tasks 
require different levels of interaction with the environment. Able-bodied persons modulate the 
stiffness of their limbs in accordance with the task by co-contracting their muscles.  

English and Russell [1] have suggested using two motors coupled to two quadratic springs in 
order to mimic the modulation of stiffness found in humans. The size and weight requirements of 
a second motor, however, are not conducive to application in prostheses. An alternative approach 
that English and Russell acknowledged was to have a microcontroller control the prosthesis 
impedance. English and Russell rightly dismissed this option at the time for two reasons: 

1) microcontrollers were not capable of doing the additional calculations required to use 
impedance control 

2) Motor-generated torques require a constant power drain, which is unreasonable in 
prosthetics. 

The recent use of microcontrollers in prosthetics [2] has made the limited computational 
complexity of impedance control viable in prosthetics. In order to generate torque without an 
energy drain, the authors propose nonbackdrivable series elastic actuators (SEA). Aside from 
side-stepping the need for complex and precise quadratic springs required by the two motor 
approach, non-backdrivable SEA only require one motor and take no additional space. Perhaps 
most importantly, this method of control may easily be incorporated into currently existing 
prosthetic elbow designs. 

SEA are force controllable actuators with low impedance and high fidelity. They translate the 
accurate position control of traditional DC motors to accurate force control through the use of a 
spring. They have several advantageous properties, including reliable force output, simplicity, 
robustness of design, and the use of traditional robotic actuators. Pratt et al. cite greater shock 
tolerance of gears due to low pass filtering of torques, lower reflected inertia, more accurate and 
stable torque control, less damage during inadvertent contact, and the potential for energy 
storage and return as reasons to use series elastic actuators [3]. SEA have been used in walking 
robots and their underlying concept of reducing stiffness has been applied to such robots as the 
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Honda P2 [4], though the P2 does not modulate the stiffness. The ability to modulate the 
effective stiffness of the actuator is appealing in areas such as impedance control and admittance 
control, which have application in human machine interfaces and prosthetics [5, 6]. 

The reduced stiffness in SEA reduces their ability to fluctuate rapidly between high amplitudes 
of positive and negative torque, known as large-force bandwidth. In addition, their stable 
bandwidth is reduced due to the interaction between compliance, stiction, and backlash [7]. To 
alleviate this latter problem, SEA have relied on backdrivable transmissions to minimize 
backlash and stiction. Unfortunately, these previous systems would not be practical in 
applications that require non-backdrivable actuators to minimize power consumption. For 
example, an upper limb prosthesis user will often pick up an object and carry it with them. The 
actuator should be turned off after the proper position has been achieved to conserve power. A 
backdrivable system would consume power during the entire time that the object is held, whereas 
a non-backdrivable system could maintain the desired position without power. Because portable 
power sources have a limited power capacity, backdrivable actuators are not practical for use in 
prosthetics. 

DESIGN 
Non-backdrivable actuators have potential application in a wide range of prostheses, including 

wrists, elbows, shoulders, and even possibly knees and ankles. For an initial prototype, however, 
it was determined that the requirements for an elbow prosthesis were most easily realized. 
Prosthetic wrists, which require smaller size, and prosthetic shoulders, which require larger 
torques, are being investigated based on the work of this paper. 

We have designed an actuator that uses a harmonic drive gear transmission to prevent backlash 
while at the same time creating a non-backdrivable transmission. A torsional spring with a 
stiffness of 182 Nm/rad is used. A customized Emoteqi HT02500 frameless brushless motor 
capable of producing 2.8 Nm stall torque and a 160:1 gear ratio Harmonic Drive Systems CSD 
20 are used, controlled by a Composite Modules Inc.ii 5015-28 controller capable of handling 
large currents. Instrumenting the Harmonic Drive itself was investigated and the authors were 
able to decrease the inherent torque ripple associated with that technique. We concluded, 
however, that the torque resolution was inadequate for low magnitude torque control with this 
approach [8, 9].   

Torsional Spring Design 
The authors have found that a modified shape termed a spandrel offers improved geometric 

resiliency, and propose to use this geometric cross section to increase the robustness of future 
designs. The cross section of the spandrel is illustrated in Fig. 1.  

 

 
Fig. 1.  Cross section of a spandrel that provides improved resiliency  

 
Actuator Design & Results 

A bench-top actuator has been designed and fabricated to illustrate the feasibility of the concept. 
A prosthesis prototype is being developed. A model of the prosthesis prototype is shown in 
Figure 2. Motor characteristics are presented in Table 1.  
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Figure 2.  SEA design 

a) Control schematic: the motor generates an accurate position. This position is fed 
through a compression spring, which converts accurate position into accurate 
force. A force transducer measures the compression and converts it into a force 
reading, which is then compared to the desired force. The error between the two 
signals is sent to a control block. In this example, the control block multiplies the 
error signal by a gain (K) and the derivative of the error by another gain (D) and 
sends this signal to the motor to correct the output force. 
b) Prosthesis integrated design 

 
Table 1 

Motor Characteristics 
Williamson data from  [10, 11] 
Increased stiffness of author’s spring increases bandwidth.  
Nonbackdrivable transmission lowers author’s bandwidth. 

 

DISCUSSION 
A non-backdrivable Series Elastic Actuator has been created that has an adequate bandwidth at 
+/- 2Nm in spite of its non-backdrivable nature. The maximum torque is larger than any 
prosthetic elbow commercially available and speed is adequate. The bandwidth has been 
achievable in large part due to the selection of the transmission system used: a Harmonic Drive 
with no backlash. Harmonic Drives are only non-backdrivable for small torques (<6 Nm). To 
address this issue a proposed prosthesis design will use a non-backdrivable octagon roller clutch 
with minimal backlash on the input stage of the gear. The backlash of the roller clutch will be 
attenuated by the 160:1 gear transmission, making output backlash negligible.   
 The actuator has larger maximum torque, speed, and power than the rotary Series Elastic 
Actuator created by Williamson [11], but the cutoff frequency is not as high as that of 
Robinson’s linear SEA [12]. Williamson did not report a single cutoff frequency. More detailed 
descriptions of the results presented in this paper are available [8, 9, 13-16]. 

A biomimetic actuator capable of transmitting torque has been fabricated with adequate 
bandwidth and resolution. The characteristics of this motor, similar to those of physiologic 
muscle in that it is compliant and able to transmit torque, lend themselves to a subset of position 
control termed impedance control, as defined by Hogan [5, 17]. In impedance control, the user 
specifies a desired position and impedance, and then a torque is commanded in light of the 
discrepancy between the desired and actual position. Abul-Haj and Hogan [18] have shown that 
this concept may be used in a prosthetic elbow. Future work will examine if users do indeed 
modulate the impedance of their prosthesis when given the option, and to what extent this ability 
increases their performance. Popat et al. [19] offered support for this theory in a study that 
examined four men with above-elbow prostheses, where it was concluded that reduced stiffness 
in the elbow facilitated rotation of a crank; a bench test used to assess dynamic movement of 
prostheses.  English and Russell [1] extend this advantage to any event in which tasks are done 
that interact with the environment. 
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Related work by the authors [20] has shown that the parallel nature of the sensor in Series 
Elastic Actuators provides incorrect force representation in the presence of static friction. While 
this is not a problem for rotary motors, which have insignificant friction in parallel with the 
elastic component, it is a significant problem in linear actuators. As a result, the authors 
recommend in linear Series Elastic actuators that a sensor be placed in series with the spring 
rather than in parallel with the spring to provide improved results.  

CONCLUSIONS 
This paper has demonstrated that non-backdrivable Series Elastic Actuators can be realized with 
adequate frequency resolution to have potential in prostheses. Non-backdrivability is critical in 
the design of prostheses and many other areas of robotics for the preservation of power. The 
practical implementation of impedance control will open new avenues of control of prosthetic 
devices and potentially make prostheses more biomimetic in the future.  
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