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A bstract. Wearahle rohots. /ike prostheses. aczil·e orthosis cmd exoskeletons need of actuators ahle to meet certain re­
quirements as low Olllplll impedance, backdrivability, precise and large tOJ·que generation, anda compact and lightweighl 
design. This paper presents the design of a rotary Series Elastic Actuator (SEA) to be used in an aclive o11hosis to assist 
injlexivnlextension of the knee joint during physica/ therapy. The device inc!udes a DC mo10r. a worm gear anda cus­
tomized torsion spring. Since the e!astic element is the most imporrant component in the design of the SEA, an analysis 
procedure based on Finite Element Method (FEM) is used in arder to meet the requirementsfor the specific application. 
Wilh a total weight of 2.53 kg, it is possible to directly mount the actuator on the frame oj a knee orthosis. Torque 
controller is implemented to ensure secure interaction with the patient and enable new strategies fo r rehabilitation. The 
design specifications as wel/ as the controllers perfmmance are verified by experiments. 

Keywords: series e/astic actllator, relzabilitation robolics, robotic orthosis cmd interactive robots. 

1. INTRODUCTION 

This paper presents a new rotary SEA designed to be uscd in ao activc orthosis to assist in flexion/extension of the 
knee joint during physical therapy. To effectively assist human motions and aL the same time ensuring patient safety, 
the device must satisfy certain requirements such as ability to absorb impacts, precise and large torque generation with a 
bandwidth that approximates of muscle movement and to be able to assume a characteris tic o f backdriveabi liLy in other 
to achieve a very low mechanical impedance comparable to humans required to move smoothly and quickly the point of 
contact in compliance with the patient's actions. Conventional actuators do not meet these requiremcnts that are criticai 
Lo such applications. A simple and effective solution initially proposed by Pra tt and Williamson ( 1995) are the Series 
Elastic Actuators (SEAs) where elastic ity is intentionally introduced in series between a gear-motor and the load. This 
configurati on allows to decouple the gear-motor inertia and other nonlinearities from the output and isolates the drivetrain 
from shocks introduced by the load. A nother important feature is that the elastic element can be used as a torque sensor 
by multiply ing the measured spring deflection by the spring constant. 

The SEAs are able to provi de large torque and allows the implementation of impedance control (Hogan ( 1985)) which 
can bc uscd as a rehabilitation strategy to adjust the levei of interaction between the devicc and the patient. For example, 
i f we want a active orlhosis provi de support torque only when needed then during Lhe rest o f the time the SEA should take 
a low impedance behavior so that the orthosis is fully complacent with the patient's actions. 

A rotary SEA to assist the movement of Lhe lower limbs was presented in Kong et a!. (2009). This consists o f a geared 
DC motor, a spring torsion conventional and two rotary potentiometers used to detect Lhe position of the output shaft and 
the deformation of the spring. In this configurarion presented the spring was directly installed bctween gear-motor and 
the human joint therefore it must support large torque. Conventional springs that support large torgue are also very stiff 
for given application. The very stiff spring deteriorares compliance of the control system making it difficult to obtain an 
accurate torque control. Moreover, thc nonlinearities of a very sLiff spring are not negligible. From these considcra tions 
a new rotary SEA model was proposed by the same authors i.n Kong et ai. (20 1 0). In this new configuration, the spring 
is inserted between the worm gear and thc output gears, thereby enabling the use of a spring with a low stiffncss. The 
disadvantage o f this configuration is thaL the nonlinearities associated to output gears compromises the ndelity o f measured 
torque resulting uncertainties in thc sys tem. 

A solution adopted by some researchers is the conception atTangement o f linear springs soas to obtain a torsion e lastic 
element, (Yoon et ai. (2003); Tsagarakis et ai. (2009)) . This approach allows insert an elastic e lement with low stiffness 
directly between the gear-motor and load. However, a linear bchavior in the wrque versus angle relationship is difficult to 
be obtained this way. Another solution is the development o f cus tom elastic element, (Lagoda et a!. ( 20 lO); Carpino et ai. 
(20 12)). In addi tion to allowing the elastic element bc connected to the load in a direct-drive configuration, this approach 
can help to overcome some problems like residual deflection, hysteresis and a non-linear behavior in the torque versus 
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angle relationship, that can compromise the accurate torque estimation and consequently control performance. 
Statting from these considerations a new rotary SEA for knee joint assist is presented in lhis paper. Thc dcvice 

consists of a DC motor, a worm gear set and a customized torsion spring obtained through simulation based on fi nite 
element method. Torque controlle r is implemented to ensure secure interaction with the patient and enable new strategics 
for rehabilitation. 

This paper is organized as follows: Section 2. describes the des ign requirements : Section 3. presents in detai l the 
mechanical design; Section 4. presents thc results of the implementation of lOrque controller and Section 5. presents the 
discussions and conclusions. 

2. DESIGN REQUIREMENTS 

Tbe design requirements were based on gait data defined in Kirlley (2006). Considering that lhe maximum power 
exerted by the knee joint is approximately 0.739 W/kg, with a maximum torque of 0,365 Nm/kg, and that active knee 
orthosis should be able Lo supply 30% of Lhe peak torque from the gait pallern of a healthy person wilh approximately 70 
kg, the new robotic device must provide a torque assistance not less than 15 Nm. The rninimum large torque bandwidth 
was determi ned by the Power Spectral Density (PSD) of knee joint torque. Account that more than 95 % of the PSD of 
knee joint torque is in the frequency range between O and S Hz a minimum bandwith o f 5 Hz is defined as a requirement 
to torque control. 

The elastic element is the most importam component in the design of a SEA, therefore it must be carefully designed. 
The elastic constant is defined considering the minimum large torque bandwidth taking into account that low impedance 
and stiction are desired. According to Robinson et al. ( 1999) the higher the spring constant value the greater the la..rge 
torque bandwidth however low impedance and stiction need that the spring constant is as low as possible. The spring 
constant valucs for assist movement o f thc knee joint usually lies in the range from I 00 to 300 Nm/rad, Sergi et a/. (20 12). 
A stiffness of 200 Nm/rad is defined as target value for the design. This was achieved through the theorelical analysis 
considering the desired large torque baodwidth, Robinsoo (2000). 

The minimum impedance mu tas ume values as low as possible so that contact force is minimal when no torque is 
requested . Thus the measured torque resolution should be below 0.6 Nm. The actuator dimensions and weight must be 
reduced a llowing assembly di rectly in the frame of a wearable orthosis for knee. 

3. MECHANICAL DESIGN 

The mechanical design was conceived in order to obtain a compact and lightweight architecture. Ali housi ng parts 
were made of aluminium for the purpose of reduce weight. The final assembly o f lhe rotary SEA consists of a) Maxon 
Motor RE 40 , graphite brushes. ISO Watt DC motor, b) worm gear set (M I-150 of HPC Gears lnternational Ltd.) with 
rcduction ratio o f I 50: l, c) cus tom torsion spring, d) angular conract berui ngs, c) magneto-resistant incrementai encoder, 
and f) opto-electronic incrementai encoder. The overall dimensions are shown in Fig. l and the resulting mass is 2.53 kg, 
atlowing direct mounting of the actuator on the frame of a knec orthosis. 

Figure l . Cross section o f the rotary SEA showing drivetrain compooents 

The choice of gear-motor was made based on the characteristics of the knee joint considering of gait pattern of a 
heallhy person. The angular velocities of the knee joint are in the range of +1- 50 rpm and the maximum torque required 
for the project is I S Nm (sec Section 2.), while the maximurn continuous torque and the maximum speed of the selected 
motor ru·e respectively 0.181 Nm and 8200 rpm. Therefore a worm gear set with reduction ratio of !50: I is used to 
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adjust the operating range of motor order to fu lfi ll the requi remenrs for velocity and torque. Thereby the SEA can operare 
in a velocities range of +1- 55 rpm and if the efficiency of the gears is not considered this can provide a maximum 
continuous torque of 27, 15 Nm. However, the frict ion between the gear significantly reduces the efficiency and the torque 
amplification ratio is not necessarily the same as the ratio speed reduction, Kong et al. (2010). For this reason, a safety 
factor of 1.81 to the torque requirement is considered. 

Ali information rclevant to the control system, i.e. motor rotation, actuator output, and spring deftection estimare, are 
obtained by two encoders. A magneto-resistant incrementai encoder with a resolution of 4096 pulses per revolution in 
quadrature decoding mode is used to measure the motor rotation and allows to estimare the position of thc wonn wheel 
and a opto-e lectro nic incrementai encoder with a resolution of 2000 pulses per revolulion in quadrature decoding mode 
is used to mesure the actuator output. The spring deflection estimare is obtained by the difference between the position of 
the worm wheel and the actuator output. The theoretical output torque resolution is given by k .• (2n/2000), where k.'{ is 
the spring constant. 

3.1 Custom torsion spring 

To meet the requirements of the proposed application the elastic e lement should be compact, lightweight, and able to 
withstand high torque with low in trinsic stiffness. However. this characteristics are not found in commercially available 
torsion springs. For this reason, a new topology torsion sp1ing was developed. In Figure 2 is shown schematic perspective 
view of the torsion spring. This is composed of two rings interconnected by flexible elements defined by finite element 
analysis. The material selected for analysis and fabrication was chromium-vanadium steel (AISI 6150), which has a 
Young's modulus of 205 GPa and a yield strength o f approximately 1320 MPa after a heat treatment process. 

Figure 2. Schematic perspective view of the custom torsion spring 

The stress distribution and deformation of spring was analyzed by the FEM using ANSYS® software, to assure that 
the maximum stress is less than the yield stress of the material when subjected to lhe maximum torque. The analysis 
consisted in fixing the inner ring of the spring while tangential forces equivalent to rorque were applied o n the ou ter ring. 
The stiffness is calculatcd by the ratio between the torque applied and the concsponding angu lar deformation obtained in 
thc simulation. In the firs t analysis it was observed that the stress concentration is located in the inner comer radius, R.,. 
Fig. 3. 

Figure 3. The static simulation for the stress distribution 

In order to fi nd the lowest stress value for a given stiffness, the following methodology based on a finite e lement 
analysis was adopted. The value of radius R4 was varied 2.5 to 3.5 mm with a step of 0.05 mm for each thickness of 5 
to 8 mm with a step of 0.5 mm. The values of D 1 , D 2 and D "J were varied proportionally to the R 1 whereas the values 
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of R1 . R2 , R3 , Rf> and L were kept constam in arder not to change of the proposed topology. Figure 4 shows the results 
of the methodology adopted. Analyzing Figure 4(a) we note that a linear approximation can be used to characterize the 
relationship directly proportional between spring geometry paramcters (R 1 andE) and spring constant. When analyzing 
the Fig. 4(b) a similar behavior is observed between the geometric parameter R4 and von Mises stress, however, in a way 
inversely proportional. It can also be observed Lhat the relationship inversely proportional between geometry parameter E 
and Von Mises strcss is characterized by an exponential function. 
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Figure 4. Results of the simulalion based on lhe fini te element analysis 

The geomctry parameter values of the torsion spring rhat had lower stress for thc desired stiffness of 200 Nm/rad are 
shown in Tab. I. T he maximum von Mises slress obtained by simulalion is 54 1 Mpa. Thus a safety factor of 2.44 is 
considered. 

Table I. Geomerry parameter values of the custom torsion spring 

Parameter [mm] DJ E L 
17.60 17.05 17.15 8 2 62 .5 52 .5 l5 2.8 5.3 

The custom torsion spring, shown in Fig. 5, has been manufactured using the Wire Electrical Discharge Mach.ining 
(WEDM) proccss. Thc mass o f the spring is 0.3R4 kg with a thickness of 8 mm and maximum diameter of 125 mm. 

Figure 5. Picture of lhe custom torsion spring 

Experimental characterization of the spring stiffness was performed by coupling on the output shaft of the SEA in a 
torquc sensor (Gamma Sl-65-5 from ATI Industrial Automation, Inc.). The SEA was programmcd to fo llow a position 
profile consisting of a sequence of steps (amplitude 0.14 deg, duration lO sec) in both loading and unloading conditions, 
while lhe torque was measured by the sensor. Figure 6 shows the analysis o f lhe resu lts obtained. 

It is possible Lo observe a non-negligible backlash wi th an ampli tude of approximately 0.0088 rad occasioned by 
intrinsic feature of the worm gear set. A linear regression was performed in both directions spring (compression and 
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Figure 6. Characterization o f the custam torsion spring 

extension). When the spring is compressed (positive deílection), the stiffness is equal to 106 Nm/rad, when it is extended 
(negative defiection), the stiffness is equal to 103 Nm/rad. The value of the spring constam determined experimentally 
is approximately 50% lower than the obtained by fi nite element analysis. This discrepancy is probably dueto the actual 
propenies of the material being different from the nominal used in the simulation. 

Detailed pictures o f the final assembly of the rotary SEA are shown in Fig. 7. 

Figure 7. Pictures o f the rotary Series Elastic Actuator 

4. TORQUE CONTROL 

The conrrol hardware consists of a EPOS 24/5 Positioning Conrroller manufactured by Maxon Motor and ordinary 
computer hardware equipped with a CAN communication card manufactured by National Instruments. Thc EPOS is 
a fui! digital smart motion controller capable of operating in position, velocity and current modes. The device also is 
responsible to decode the signals from quadrature encoders. The torque controller have been implemented through the 
algorithm, written in C language, in computer hardware. The communication interface between the computer hardware 
and the EPOS controller is performed by CANopen communication protocol. The frequency of the conrrol-loop is set at 
200Hz. 

In traditionally adopted approach for SEA torque contra i, the motor is treated as a torque source. This assumption is 
justified since the current supplied to the motor is directly proportional to the torque. However, this approach becomes 
difficult to implement due to the nonlinearities intrinsic to the drivetrain such as static and dynamic friction. In Robinson 
(2000) is suggested to treat the motor as a velocity source rather than as a torque source. According to Wyeth (2006) this 
approach helps to overcome some undesirable effects o f the gear-motor. 

The block diagran1 of the torque contrai loop is illustrated in Fig. 8. The inner velocity loop was performed by the 

7787 



ISSN 2176-541! 

SANTOS, W. M.; CAURIN, G. A. P.; SIQUEIRA, A. A. G. 
A New Rotary Series Elastic Actuator for Knee Joint Assis! 

integrated velocity control or the EPOS and the controller parameters were determined automatically by the device. Thc 
torque contro ller was implemenred through the programming interface Microsoft Visual Studio in computer hardware and 
metrics considercd to measure thc performances of the controller, as described in sequence . 

.___.....:e...,m., d dt t+-- - ---J 

Figure 8. Torque controller with inner velocity loop 

The performance characteristics of the torque contrai system were specified in tenns of the transienr response for a 
step input. The gains of the PI controller were defined in order to obtain faster responses with lower overshoots. Thus, 
the parameters of the conu·oller were empirically adjusted to have an overshoot lower than lO % of the serpoint and a 
rise time lower than 0.060 s. The step response was obtained by blocking Lhe output shaft of the SEA. This configuralion 
implies in 8 L = O soon the measured torque is given only as a function of the wonn wheel position i.e. T f- = 1.:8 Bc-
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(b} Considcring the negalive reference step input 

Figure 9. Responsc of the system for a step input 

The response of lhe system to a step input with different amplitudes (+/-2 and +1-5 Nm) is show io Fig. 9. The rise 
time for the reference input with an amplitude of 2 Nm is approximately 0.045 s while for input amplitude of 5 Nm is 
approximately 0.055 s which shows a nonli near behavior due lo motor velocity saturation. The system responds with 
an overshoot lower than 9% of the setpoint for ali the input. There were no significam differences between thc positive 
reference step inpul and the negative reference step input. 
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Figure lO. Desired and generated torques: the desired torque is a chi rp signal 
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The SEA was commanded to track a torque profile consisting of a chirp function wi th constant amplitude o f 2 Nm and 
frequency range o f O to I Hz. Figure I O shows the mrque rracking accuracy. It may be noted that the error increases as 
the frequency increases. However, the error range is not significanl since this is lower than thc accuracy of the measured 
torque. 

5. DISCUSSION AND CONCLUSIONS 

This paper presenled the design o f a rolary Series Elastic Actuator (SEA) to be used in an active orthosis lO assist 
in flexi on/extension of the knee joint during physical the rapy. A cusmm torsion spring is designed, through simulation 
based on finite clement method, out with the aim of fulfi lling a set of requirements defincd in tenns of admissible peak 
load, low stiffness and a compacl and lightweighl design. The value of the spring constant determined experimentally 
is significantly lower stiffness than obtained by finite element analysis. This discrepancy is probably due to the actual 
properties o f the materia l being di fferent from the nom inal used in lhe simulation and the imperfections in lhe model and 
mesh used in the analysis. The resulti ng mass of the SEA is 2.53 kg, thus allowing direct mounting of the actuator on the 
frame of a knee orthosis. 

Torque controller is implemented lo ensure secure interaction with the patient and enable new stra tegies for rehabi l­
itation . The performance characteristics of the w rque control system werc specified in terms of the transient response 
for a step inpul. The overshoot and response time are acceptable for lhe specified application. In future work will be 
performed to experimental characterization of the SEA, through the system identification techniques, to evaluate large 
torque bandwidth. 
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