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Abstract
This paper aims to present the integrated design, development, and testing procedures for a state-of-the-art torsion-
based series elastic actuator that could be reliably employed for long-term use in force-controlled robot applications.
The main objective in designing the actuator was to meet weight and dimensional requirements whilst improving the
long-term durability, ensuring high torque output, and containing its total weight. A four-fold design approach was
implemented: i) following recursive design-and-test procedures, an optimal torsional spring topology was unveiled with
the help of SIMP (Solid Isotropic Material with Penalization) topology optimization method, ii) the proposed spring
was manufactured and multiple specimens were experimentally tested via a torsional test machine to validate linearity,
loading rate response, and mechanical limits, iii) the actuator’s thermal response was experimentally scrutinized to
ensure that the generated heat was dissipated for long-term use, and iv) the fatigue life of the spring was computed
with the help of real-life experiment data. Having concluded the development and verification procedures, two different
versions of the actuator were built, and preliminary torque control experiments were conducted. In conclusion, favorable
torque tracking with a bandwidth of 19 Hz was achieved while peak-to-peak torque input was 20 Nm.
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Introduction

Physical human-robot interaction (pHRI) has become one
of the central topics in contemporary robotics research as a
result of the paradigm shift from industrial to service robots.
This research field aims to ensure that the robots could leave
well-controlled laboratory environments to be used as human
companions in a dynamic human environment. In order to
realize this goal in a safe and dependable manner, one major
requirement is the capability of force sensing and control1.

To address the high-fidelity force control requirement
in pHRI, researchers proposed torque-controlled actuators
in various forms. A straightforward approach is to deploy
a torque sensing element, e.g., strain-gauges, to read the
output torque2, or to employ flexible material between
the actuator and the output to measure the applied torque
via deflection readings3. Pneumatic systems, SEAs (Series
Elastic Actuators), PEAs (Parallel Elastic Actuators), series-
parallel elastic actuators, and VIAs (Variable Impedance
Actuators) are other successful actuator types that allow
high fidelity torque sensing and control via intrinsic physical
compliance4,5.

While the diversity of torque-controlled actuators enabled
a series of successful pHRI implementations, only a certain
portion of them fulfill the challenging requirements, such as
enhanced torque/mass ratio, practicality, structural integrity
and mobility. To this end, state-of-the-art SEA units respond
well to these criteria, as they are the primary choice
for contemporary industrial manipulators6, disaster-response
humanoids7 and rehabilitation robots8. This led to the

development of numerous SEA modules with various design
methodologies9–11.

In designing the state-of-the-art torsion-based SEAs,
researchers follow an FEA-based (Finite Element Analysis)
topology design and test procedures. Mostly, the stiffness
of the spring is computationally obtained and then tested
within the actuator. While useful in its own functionality
domain, this practical approach may have the following
shortcomings: i) the elastic and plastic working regions
of the springs cannot be explicitly determined, ii) sole
implementation of computational methods may provide
misleading results in terms of the stiffness value and spring
linearity, iii) fatigue life of the spring is not determined
and often neglected. Moreover, tight mechanical integration
with no thermal management in SEA modules may prevent
the dissipation of the generated heat in a feasible manner;
therefore, active cooling systems are integrated, further
increasing the weight and complexity.

In response to the aforementioned missing blocks in SEA
development procedures, we propose an integrated design
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Figure 1. Actual CoEx-SEA units, without the deflection
encoder and actuator cap.

methodology that consists of the following novel contribu-
tions: 1) The spring topology was optimized by considering
the target stiffness, weight, and manufacturability criteria,
2) Multiple spring specimens were experimentally charac-
terized using a torsional test machine to check linearity,
elastic/plastic region boundaries, actual stiffness value, and
loading rate response, 3) Fatigue life of the spring was
deterministically obtained using the actual loading data, col-
lected from exoskeleton-supported walking experiments12,
4) Thermal behavior of the actuator was experimentally ver-
ified via an infra-red (IR) camera and thermocouples. In this
study, two SEA units with different torque outputs were built
using the proposed design methodology while intuitively
maximizing torque/mass ratio as much as possible. Having
manufactured the SEA units, torque control experiments
were conducted to demonstrate the practical torque control
capability of the system.
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Figure 2. CAD (Computer-aided design) model of the
CoEx-SEA unit.

An initial version of this research study including
simulation results and preliminary break-up tests were
presented in13. The current manuscript significantly expands
the research study and reports the complete experimental
results. The improvements can be listed as below: i) an
optimization study for the torsional spring topology and
further elaborations on the CAD integration, ii) additional

experiments on the spring to analyze the effect of strain-
rate, iii) newly-conducted experiments to analyze the thermal
behavior, iv) improved fatigue analysis based on real
life experiment data, v) newly-conducted torque control
experiments to check the torque tracking capability.

The remainder of this paper is organized as follows. First,
the mechanical structure of the SEA is revealed. Following
this, the details concerning the spring design, analysis, and
test procedures are provided. Subsequently, thermal behavior
of the SEA is discussed with the experimental data. Finally,
torque control experiments are presented and the paper is
concluded.

Actuator Unit: CoEx-SEA
In order to power exoskeleton robots developed at the
Biomechatronics Laboratory of Ozyegin University, two
distinct SEA units were developed, namely Compliant
Exoskeleton-SEA A & B (CoEx-SEA); see Fig. 1. These
units consist of three main elements: i) a frameless brushless
DC motor (Kollmorgen TBMs-7631 for the unit A and
TBMs-7615 for the unit B), ii) a low backlash gearbox
(Harmonic Drive CSG-25, 1:100 ratio), and iii) a custom-
built torsional spring. Detailed specifications of CoEx-SEA
are listed in Table 1.

Table 1. SEA Module Properties

Specifications CoEx-SEA CoEx-SEA
(A) (B)

Max. Angular Speed (rpm) 26.33 44.09
Max. Cont. Tor. (Nm) 164 96

Mass (kg) 3.09 2.87
Radius x Length (mm x mm) 53.5 x 132 53.5 x 108

Stiffness (Nm/deg) 80 40
Tor. Resolution (mNm) 3.90 3.90

Tor.-to-mass Ratio (Nm/kg) 53.07 33.45
Cost (Euro) ≈ 3700 ≈ 2900

The CAD view of the design is shown in Fig. 2. The
gearbox is attached to the torsional spring at the inner circle,
whereas the output of the unit is integrated to the spring at
the outer circle. CoEx-SEA is also integrated with two 23-
bit (Broadcom Avago AS38 H39ES135) absolute encoders
which are used to directly measure the motor angle and
spring deflection, due to the advantages of encoder-based
torque sensing14.

Spring Design
In this section, the details of the design methodology
are presented. More specifically, topology optimization,
experimental verification of the spring, and fatigue life
analysis are explained in detail.

Topology Optimization
Design Target: Being one of the main elements of the
actuator unit, the torsional spring requires a meticulous
design process in which the stiffness should be kept linear
and the spring should be durable while containing the
weight. Therefore the spring was designed by means of
an optimization problem with an objective function that
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minimizes the spring weight and considering the target
stiffness as a constraint. A bending based spring structure
was adopted due to its favorable characteristic over twist
based structures10. In our study, the size of the gearbox-
motor couple was chosen as the geometric boundary limits
for the spring topology.

In defining the spring stiffness, we aimed for a maximum
2o of deflection under a maximum torque load of 164Nm
concerning the unit A. A similar strategy was followed for
the unit B. In this regard, softer springs may provide better
torque measurement resolution; however, their influence
in robot dynamics become more dominant and they limit
position control bandwidth15. The stiffer springs could be
more favorable in this sense; yet, they may greatly limit
the measurement quality. Therefore, the design parameter
of 2o of deflection under the maximum torque load was
determined on the basis of this resolution-accuracy trade-off
that we experienced in our earlier works15.

Design Methodology: Topology optimization requires the
design space on which the optimum material distribution
will be determined. For this purpose, a design space in the
form of a cylinder was defined as shown in Fig. 3(a), for
which the diameter and the thickness are 80 mm and 10
mm, respectively. As the next step prior to the application of
the topology optimization, the location and size of the holes
were determined to connect the SEA unit. The stiffness value
of a given spring is affected by the connection elements,
such as bolts, flanges, insulators. They also increase the
spring-related weight. With this in mind, a minimum number
of connection elements were targeted in our topology and
the spring design in Fig. 3(b) was initially obtained. The
diameter of the holes was chosen as 8 mm to be consistent
with the bolts used. This is the initial geometry for the
topology optimization.

(a) (b) (c)

Figure 3. a) Design space, b) initial design for the topology
optimization, c) design domain (shown in red) and non-design
domain (shown in blue)

Solid Isotropic Material with Penalization (SIMP)
topology optimization method was used in this study. In
the SIMP approach, material grading is performed by using
the relation between relative density variable and material
property known as the power law. According to the power-
law, or SIMP approach, the relative material density of
each discretized element is related to the some power
of the material properties of the solid material16,17.The
objective function of the topology optimization is based on
the minimization of the strain energy U as shown in the
following:

h(x) = min (U(ρ, θ(ρ))) = min

(∫ θ

0

τ

2
dθ

)
(1)

In (1), τ and θ denote torque and twist angle, i.e., torsional
deflection, respectively. The topology variable ρ can take a
value between 0 and 1; 0 < ρmin < ρ < 1. The topology
optimization algorithm determines the optimum material
layout from the initial design space by keeping a certain
fraction of the original volume and eliminating the rest. This
inequality constraint on the volume ratio is given in the
negative null form as below,

V (ρ)

V0
< f (2)

where V (ρ), V0 and f denote the volume, initial volume and
the upper limit of the volume ratio, respectively. The equality
constraint, shown in (3), represents the linear spring rate of
the SEA, K, which is the ratio of the torque and deflection:

K =
τ

θ
(3)

The efficient and accurate determination of the sensitivity
is quite important as the derivatives of the objective
function and constraints are calculated with respect to
thousands of design variables18. The sensitivity results
are usually obtained in the finite element model19.
There is also a response surface model approach in
the literature to determine the sensitivity, however this
method is computationally expensive20. To facilitate the
design process, we used the embedded sensitivity analysis
provided in the topology optimization module of commercial
software. Once the sensitivities were calculated, the search
direction was determined in accordance with the sensitivity
results.

In order to address the aforementioned constraints, a
finite element model of the spring was constructed. In this
model, the torsional spring was modeled using four-noded
tetrahedral elements (C3D4). There are 20339 finite elements
in the model. The aforementioned model was constrained at
the inner circle by removing all DOFs. A torque of 180 Nm
was given at the spring center to represent the motor torque
with an approximately 10% safety factor. The purpose of
using 180 Nm torque was to assess the elastic and plastic
response of the system under the maximum torque load that
can be generated by the motor. To fulfill the lightweight
design requirement, aluminum was chosen as the material.
7000 series aluminum alloy (Al-7075) was initially chosen as
the grade for its desired fatigue characteristic; see subsection.
In the analysis, Poison’s ratio, modulus of elasticity, and
density of the material were chosen as 0.33, 70 GPa, and 270
kg/m3, respectively. Static analysis was carried out using
Nastran. The results of the analysis were post-processed to
calculate the torsional stiffness of the spring by using (3).

In addition to the torsional stiffness, the torque value
corresponding to plastic deformation was calculated. For that
purpose, the first derivative of the stress-strain curve was
calculated and the point on the curve with a negative slope
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was considered as the yielding point21. The finite element
model is divided into two parts shown as red and blue regions
in Fig. 3(c). The material in the area shown in blue color is
not included in the topology optimization due to proximity
to the connection holes. Topology optimization ranks the
material shown in red color. The topology optimization
methodology is given in Fig. 4.

Figure 4. Topology optimization method.
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Figure 5. Strain energy variation during the optimization
process.

Optimized Topology: Optimization algorithm was executed
on a PC with Intel®Core™i7-6700 CPU running of 3.4 GHz
sampling and 32 GB RAM. The CPU time to complete
the optimization run was 30 minutes. The relative measure
of convergence for the design objective was set to 0.1%,
meaning that the change on objective function between
two subsequent iterations was less than 0.1%. Besides,
the maximum number of the iterations was specified to
control the overall simulation time and make sure that
the optimization does not diverge. The maximum iteration
number was set to 200. The critical locations on the initial
design was determined by ranking the locations according to
the values of the topology variable. Strain energy during the
topology optimization is plotted against number of iterations
in Fig. 5. The result indicates that the objective function
converged in 154 iterations. Furthermore, the volume ratio
appeared to be 0.56, meaning that 44% of the material was

removed from the initial CAD geometry. Evolution of the
topology results can be viewed for various iterations in Fig.
6 and also in the multimedia attachment.

One of the disadvantages of the SIMP based topology
optimization method is the need for the smooth representa-
tion of the optimized topology design. This drawback mainly
occurs due to the interpolation of the material densities
from the topology optimization results. The aforementioned
smooth representation is usually obtained via an iterative
process where the designer interprets the topology results
and combines them with the computer-aided design and
manufacturing processes. Afterward, the design modified
according to these constraints is re-analyzed to ensure that
the design objective is met.

In this study, once the CAD drawing of the design
according to manufacturing constraints was prepared, the
finite element analysis was performed. The strain energy
distribution was carefully investigated and the region of the
design with high strain energy was manually smoothened to
reduce the stress concentration in the geometry. Meantime,
the spring deflection value of the SEA unit was monitored
to make sure that stiffness target was still realized. Since
the stress concentrations are usually related to the local
features, they do not affect the overall stiffness. However,
making the design iterations with these considerations, the
smoothening was completed more efficiently. It was also
made sure that the results were not sensitive to the finite
element discretization in terms of the type and mesh size of
the element used in the finite element model. For example, a
finer mesh was used at certain locations where critical design
features exist. Besides, the triangular elements are avoided in
the regions with high stress concentrations.

Considering the simplicity of the SEA unit, the smoothing
of the topology optimization results was performed manually
in this study. However, the integration of the manufacturing
constraints from different manufacturing methods such as
casting, machining, forging, additive manufacturing to the
optimization process has been the focus of the researchers
recently. The reader is referred to the work of Chen et
al. for the direct generation of the design from topology
optimization22.

The refined manufacturable design and the von-Mises
stress distribution from the static analysis is shown in Fig. 7.
The results of the static analysis indicated that the maximum
torsional deflection of the new design was 1.7o compared
to the design target of 2o. The difference was attributed
to the conversion from the topology results to a more
manufacturable design. The refined manufacturable design
and von-Mises stress distribution from the static analysis is
displayed in Fig. 7. With this final design, the maximum
stress of 435 MPa at the 2degree of torsional deflection was
achieved.

In addition, it is observed that the spring stiffness may be
adjusted by effectively arranging spring thickness (δs) and
feder thickness (δf ) values. 52 finite element models with
distinct spring and feder thickness values were simulated.
The results of this parametric study were used to derive
empirical formulae between design parameters (δs and δf )
and spring stiffness. More specifically, the coefficients of
the empirical formula were computed via a least-squares
method by using Matlab’ s nonlinear least squares solver,
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Figure 6. Spring topology evolution during the optimization iterations. After last iteration, manual modifications were carried out to
finalize the manufacturable design.
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Figure 7. Topology optimization results (left) and von-Mises
stress distribution, displayed via colored bars (right).

lsqcurvefit23. Due to its favorable correlation performance
confirmed via simulations, a quadratic empirical equation
was chosen as given in (4) and (5) for the stiffness and
yield torque representations, respectively. The comparison
between the empirical formula and finite element simulation
results shows that the maximum relative error is less than
1.5%, adequately validating the parametrization study.

kEMP = −8.5 − 0.34δ2s + 0.52δ2f + 3.42δs

− 4.34δf + 1.03δsδf (4)
τEMP = −184.15 − 1.45δ2s − 0.63δ2f + 29.99δs

+ 18.27δs + 0.71δsδf (5)

Experimental Verification of the Spring
The spring was experimentally verified via a Torsional
Test Machine (TTM). An identical specimen was connected
to TTM with two high-stiffness custom made connector
to avoid coupling effects13. Three main experiments were
performed on the specimen: stiffness test, break-up test, and
strain rate test. While the break-up and strain rate tests were
to understand the fundamentals of the spring, stiffness test
was used to assess the stiffness of the spring and validate the
FEM results. In the break-up test, the plastic characteristics
of the spring was identified.
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Figure 8. Stiffness test results, experiment data versus FEA.

Stiffness Test: In the stiffness test, it is ensured that the
stress on the torsional spring is lower than the yield strength.
The comparison between the test and the prediction of the
finite element model is displayed in Fig. 8. The relative error
between the simulation and experimental data was calculated
to quantify the accuracy of the FEM model. The results
showed that the maximum relative error on the stiffness is
6.5% in the elastic region. Similarly, the average relative
error between simulation and experimental data was 4.8%.
The results indicated high correlation, especially for the
torque values lower than 148Nm. It was also confirmed that
the design requirements were met since the stresses were in
the elastic region. The design target on torsional stiffness
of 80Nm/deg was also achieved. Therefore, we observe
that the spring can be used as a torque sensor to measure
the torque accurately with a nonlinearity error of 5% up to
148 Nm, 90% of the maximum output torque. Around the
maximum torque output, the nonlinearity error reached to its
maximum 13%; yet, it can be decreased to 0.85% over the
entire range via a cubic polynomial fit.

Break-Up Test: In this test, the torque input was gradually
increased until the spring failed. Therefore we could
determine the instant at which the spring transitions from
elastic to plastic region. Plastic deformation of the spring is
shown in Fig. 9.

As it may be seen in Fig. 8, the transition from elastic
to plastic characteristics occured at the angular deflection
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(A) (B)

Figure 9. Tested springs after break-up experiments with
different maximum loading rates. Each specimen loaded with
same maximum loading and up to 130% of their yielding torque
values.

of 2◦. After this angular deflection value, the first break-
up was observed when the applied torque was 240Nm; see
Fig. 8. Since this amplitude is considerably more than the
torque output capability of CoEx-SEA, the designed spring is
deemed to be suitable for our applications. See Fig. 9 (A) and
(B) for the broken specimens after the break-up experiments.

Strain Rate Test: In order to account for the frequency
dependency of the torque loading, we considered the effect
of loading frequency of the spring unit in this section. It is
known in the literature that frequency range of torque loading
is quite broad12,13,24. Our initial simulation and experimental
results indicate that the control bandwidth can be enlarged
as high as 25Hz25. Results of finite element analysis showed
that the main deflection characteristics of the spring unit are
mainly related to the Young’s modulus of the material. In this
study, we used the stress-strain relation given in21 to analyze
the frequency of the torque loading effect:

σ = Cε̇m, (6)

where m, C, and ε denote strain rate sensitivity, material
constant and, strain rate, respectively. Due to the limitation of
the loading rate of the TTM, we followed the methodology
provided in21 to consider the effect of higher frequencies.
The essence of this method is to use the difference of two
stress values corresponding to two different loading rates
for calculating the strain rate sensitivity. For this purpose,
two aluminum 7000 series specimen with feder thickness of
7.0mm and spring thickness of 7.0mm were tested in TTM
under the two limiting loading rates: 1mm/deg and 5mm/deg.
The strain rate is the calculated as below.

m =
ln(τ2/τ1)

ln(θ̇2/θ̇1)
(7)

In (7), the subscripts 1 and 2 represent the loading rate
of 1 mm/deg and 5 mm/deg, respectively. We selected five
different torque values (∆τ ) and calculated the sensitivity
rate using Eq. (7). Once m is determined, the same equation
is used to extrapolate the response for the spring unit at
higher loading rates. Torque vs angle is plotted for the
loading rates of 0.5Hz, 1Hz, 10Hz, and 25Hz in Fig. 10.
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Figure 10. Experimental results on strain rate at different
loading speeds (1deg/min and 5deg/min), randomly chosen
torque differences between different loading rates for the same
deflection values (∆τ1 − ∆τ5). Forecasts for the higher loading
rates rate (0.5 Hz - 25 Hz)

Fatigue Life
Having determined the stiffness characteristics and elas-
tic/plastic limits, we assessed the fatigue life of the spring
using the methodology depicted in Fig. 11. For this analysis,
rather than considering constant-valued torques, e.g.26, we
made use of the experimental torque data provided from the
real-life exoskeleton-supported walking experiments12.

Finite element model of the SEA including the boundary
conditions was analyzed under unit torque. The fatigue
strength of the Al-7075 is 159MPa under 5.108 completely
reversed stress cycles27. The maximum principal stress
was used in the fatigue life prediction of our model. The
Palmgreen-Miner cumulative fatigue damage theory, also
known as Miner's Rule, was used to determine the fatigue
life for SEA module28 as follows, under the operational
loading provided in12. In accordance with the Miner's Rule,
accumulated damage was calculated as below,

C =
n1
N1

+
n2
N2

+ · · · +
ni
Ni

(8)

where ni and Ni represent the cycle numbers corresponding
to the ith stress level and failure, respectively. ni/Ni
is known as the damage ratio at the ith stress level.
The parameter C is taken as unity corresponding to
failure28. The proposed fatigue life calculation methodology
is implemented in Matlab software to determine the fatigue
life for a given time history of the torque data.

The stress distribution from the FEA result represent an
almost fully reversible stress state. Since most of the S-
N data is only applicable for completely reversed stress,
the standard S-N curve was directly used to relate the
strength to the number of cycles to failure. For the stress
distribution with non-zero mean stress, additional correction
methods such as Goodman and Gerber are needed. An
equivalent completely reversed stress that is expected to
be as damaging as the fluctuating stress is needed under
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Figure 11. Fatigue life calculation methodology.

those circumstances. The reader may refer to additional
stress correction methods for more detailed information29.
The geometry of the SEA spring is iteratively modified
to reduce the stress concentration factors. The maximum
von-Mises stress corresponding to the final design is 172
MPa. The distribution of the damage profile corresponding
to the loading is shown in Fig. 11. The maximum fatigue
damage occurs on the inner radius of the part with a damage
value of 2.2 · 10−7. Therefore, the loading could be applied
for 1/(2.2 · 10−7) = 4.55 · 106 cycles. Since one cycle of
the torque data is 32 seconds, this corresponds to about
97916 hours of operation (1579 days) for the aforementioned
experiment.

It must be noted that the fatigue analysis is of
crucial importance when designing components that are
supposed to perform long-term tasks. For instance, a
spring made out of 6000 Aluminum with exactly the same
topology would respond similarly for finite element analysis
and experimental break-up tests. Yet, its fatigue life is
approximately 79 days given the operational loading. This is
expected because all the parameters remain the same except
the yield torque. Therefore, a spring design with no fatigue
analysis may not guarantee long-term service.

The Miner’s rule is a linear damage model. The use
of Miner’s rule is common and still recommended in
the literature30. The main assumption of the Miner’s rule
is that the damage accumulation is independent of the
load conditions and sequences. Considering the linear
characteristics of the SEA unit up to almost 150 N.m as
shown in Fig. 8, the Miner’s rule is deemed sufficient for
the calculation of the fatigue life of our SEA unit. There
are many fatigue damage accumulation methods which are
based on nonlinear accumulation laws in the literature31.
For more accurate fatigue life calculation, those non-linear
damage models can be easily integrated to the proposed
design development methodology.

Thermal Analysis
Considering the physical robot-human interaction, the
thermal behavior of the SEA unit plays an important
role. Moreover, the increased temperature within the unit
may cause performance degradation. To this end, many
researchers proposed active cooling systems9,32. The existing
literature also shows that actuation units used in robotics can
reach high temperatures in a short process time32, which
may deteriorate the actuator performance. In order to address
these design requirements, we used the experimental method
proposed in33. The experimental setup and hardware used in
the experiments are shown in Fig. 12.

SEA

IR Camera

DAQ

PC

Motor Driver

Thermocouples

Figure 12. Experimental setup for the thermal investigations.

A Flir SC5000 IR camera with a wavelength range of
2.5µm− 5.1µm and sensitivity up to 20mK was employed.
The measurement system had an accuracy of 1% for
temperatures less than 15◦C. In addition, a data acquisition
device (Agilent 34972A LXI) with T-type thermocouples
was used to verify the data collected from the IR camera.
The accuracy of the aforementioned thermocouples is 1◦C.
Prior to the experiments, the SEA module was painted
in black with an emissivity of 0.98 for all components
to have the same emissivity level. An IR thermography
software was calibrated with respect to this emissivity
level. Due to the high heat transmission capacity of the
aluminum, the temperature difference between the motor
and the outer surface of the actuator could be neglected.
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The measurements between the thermocouple and IR camera
were highly correlated. The maximum relative error was
1.8%, while the average relative error was only 0.5%.

With a 12.5 kg load, aforementioned walking torque
profile is mimicked. Fig. 13 depicts the 3D temperature
plot of the actuator unit after 30 seconds and 19 minutes.
In addition, it displays the IR camera images from the
corresponding moments. These results indicate that the heat
transfer between the heat generating parts (motor, encoder,
etc.) and the other components of the SEA module was
not significant. This finding was verified by comparing the
data collected from thermocouples and IR thermography; see
Fig. 14.

Having repeated the tests for several trials with the safety
of the experimental setup in mind, the thermal response
of the system was modeled considering Newton’s law of
cooling:

T (t) = Tc + (To − Tc)e
−dt (9)

In (9) Tc = 34.3◦C, To = 24.0◦C, and d = 0.03988 s−1.
This model shows that the temperature of the SEA where
it is in close proximity to the human-user will converge to a
maximum value of 34.3◦C, which is sufficiently lower than
that of the maximum suggested operation temperature limit
of our brushless DC motor.

Torque Control Implementation
In order to verify the torque control capability of the
proposed SEA system, we conducted torque control
experiments using a test bench powered via CoEx-SEA(A)
unit. A uniform link with a mass of 1.2 kg and a length of 42
cm was attached as the mechanical output. As a payload, a
5-kg dumbbell was used at the tip. As the controller, a sliding
mode with a disturbance observer method proposed in34

was utilized due its favorable characteristics, e.g., robustness,
reduced chattering and high fidelity tracking.

To determine the controller bandwidth, a chirp input with
a peak-to-peak amplitude of 20 Nm was applied. Using the
reference and actual torque measurements, a Bode diagram
was constructed; see Fig. 15. As may it be observed, the
bandwidth of the controller is 19 Hz which is satisfactory
when considering the input amplitude. Furthermore, Fig. 16
shows the step response of the controller. The solid red and
dashed blue lines respectively indicate the torque reference
and measurement. It was observed that the torque response
exhibited 6% overshoot while settling in less than 0.1 s. The
steady-state error was only 0.05 Nm. In light of these results,
the torque control capability of the SEA unit was verified.
Refer to the multimedia attachment for zero input torque and
gravity compensation experiments.

Concluding Remarks
This paper presented a systematic design and development
methodology that can be referred for the design and
testing of torsion-based series elastic actuators. Compared
to conventional design and test procedures, it provided a
comprehensive road map to cover the important design
aspects which are often overlooked in the literature,

e.g., optimized spring topology, experimental verification
of the spring stiffness together with its elastic/plastic
region boundaries, fatigue life of the spring, experimental
verification of the thermal behavior concerning the whole
unit. Through the integration of these crucial design and test
tools, we argue that SEAs could be adapted well to pHRI
applications concerning their long-term and repetitive use.

The proposed methodology was implemented for the
design of two high power SEA units with distinct torque
output capabilities. A special emphasis was given to
mechanical integration of the units to satisfy dimensional
and weight requirements while containing the weight.
To demonstrate the torque control capability, a series of
experiments were conducted. As a result, we obtained
satisfactory tracking results both for high and low-frequency
torque reference inputs, adequately confirming the usability
of the system. Currently, we built 11 samples of these units
to actuate our exoskeleton systems which will be reported in
our future research.
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