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Abstract: Cost is an important consideration when transferring a technology from research
to industrial and educational use. In this paper, we introduce the design of an industrial
grade series elastic actuator (SEA) performed via re-engineering a research grade version of it.
Cost-constrained design requires careful consideration of the key performance parameters for an
optimal performance-to-cost component selection. To optimize the performance of the new design,
we started by matching the capabilities of a high-performance SEA while cutting down its production
cost significantly. Our posit was that performing a re-engineering design process on an existing
high-end device will significantly reduce the cost without compromising the performance drastically.
As a case study of design for manufacturability, we selected the University of Texas Series Elastic
Actuator (UT-SEA), a high-performance SEA, for its high power density, compact design, high
efficiency and high speed properties. We partnered with an industrial corporation in China to
research the best pricing options and to exploit the retail and production facilities provided by the
Shenzhen region. We succeeded in producing a low-cost industrial grade actuator at one-third of the
cost of the original device by re-engineering the UT-SEA with commercial off-the-shelf components
and reducing the number of custom-made parts. Subsequently, we conducted performance tests to
demonstrate that the re-engineered product achieves the same high-performance specifications found
in the original device. With this paper, we aim to raise awareness in the robotics community on the
possibility of low-cost realization of low-volume, high performance, industrial grade research and
education hardware.

Keywords: series elastic actuator; re-engineering for low-cost; industrial automation

1. Introduction

Safety is becoming a key design requirement for collaborative robots and automation systems
with expected growth in industrial manufacturing and emerging service applications. SEAs are
often being considered to improve those safety requirements because of their mechanical and force
sensing properties. In particular, new industrial applications are trying to bring robots and people
together in the same workspaces for improved productivity through enhanced collaboration (Co-Bots)
and physical human-robot interaction (pHRI). Beyond manufacturing, Co-Bots are expected to play a
disruptive role in our day-to-day lives boosting our levels of productivity, comfort, health, and security.

In typical industrial manipulators, there is the traditional premise that the stiffer the mechanical
interface between the actuator and the load, the better it is [1]. Although this premise has made
industrial robots hugely successful due to their position controllability, it leads to humans and
robots being physically separated as a safety precaution. Stiff actuators are best suited for position
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control applications where the robot environment is almost perfectly known. On the other hand, the
environments where humans work are dynamic and unstructured, requiring the use of force sensing
and control techniques for safe pHRI. Force sensing and control can be achieved by using load cells
but the rigid interface between the motor and the load will remain a safety concern due to the reflected
inertia of rotors in electrical actuators.

SEAs have several key benefits such as reducing the effect of the reflected inertia, higher tolerance
to impact loads, passive mechanical energy storage, low mechanical output impedance, and increased
peak power output [1–3].

In addition to increasing the safety factor during a pHRI, SEAs are a good solution for handling
fragile materials under uncertainty. Current robot manipulators use high precision position control for
these types of applications, which require a well-determined workspace. A small position error at the
end-effector can easily damage the materials because of the high forces exerted by the stiff joints. Using
SEAs allows us to quickly provide compliance upon impact to protect the objects being manipulated.
As such, SEAs could become an important technology to cut costs due to material mishandling.

Because of these benefits, there has been a large research focus on design and control of SEAs.
SEA hardware typically consists of three main components: an electric or hydraulic motor to deliver
mechanical power, a drive-train to amplify the motor torque, and an elastic element for both sensing the
output force and providing passive compliance to the output. Many combinations of these components
have been considered over time.

Compact and lightweight designs are important for legged robots and human assistive systems.
In [4–6], the authors use harmonic drives for speed reduction and custom-made planar springs as
elastic elements. Harmonic drives are good for reducing backlash and keeping the actuator compact
and lightweight. However, they suffer from poor backdrivability and high cost. Since the number
of engaged gear teeth is low, harmonic drives are prone to ratcheting and buckling under high
loads. Custom designed planar springs are beneficial for compact, rotational SEA designs but are
harder to manufacture and therefore lead to cost increases. In [7,8], compactness is achieved by using
bowden-cable based design and separating the actuators from the output joints. The main drawback
of bowden-cable systems is their hard-to-model nonlinearities which make them difficult for precision
control. One of the first designs of SEAs [9], presents a simple and compact design based on linear
die springs with a rotational gear. The effect of the collocation of the spring was analyzed in [10].
This focus on compactness has been a motivation for our design.

In [11,12], the spring is located within the speed reduction mechanism. Such designs allow for
lighter springs since the torque on the spring is lower than at the output. In [13], elasticity is created
via parallel linear springs of different stiffness. This design significantly reduces the required motor
torque and increases the efficiency. In [11,14], the authors use a worm-gear mechanism for speed
reduction which allows the motor to be orthogonal to the joint axis. These designs are more suitable
for knee orthosis.

A novel, rotary spring design for a compact SEA was presented in [15]. The rotary elastic
component of this SEA is created by using a novel arrangement of linear springs. While this design is
a low-cost alternative to high-priced custom planar springs, it suffers from nonlinear stiffness.

By using variable stiffness and nonlinear springs, the range of applications and control capabilities
of SEAs can be extended. There has been major research on the benefits of adjustable [16–21] and
nonlinear [22] stiffness springs. Also, a novel spring mechanism with an infinite range of stiffness
was proposed in [23] for SEAs. Like the effect of variable stiffness, the effect of variable physical
damping [24] and continuously-variable transmission [25] has been studied.

In [26–30], the authors use a ball-screw mechanism for speed reduction for prismatic SEA designs.
Ball-screw mechanisms are highly efficient (90%), highly backdrivable, have a high tolerance for impact
loads, and do not introduce torque ripples. Therefore, ball-screw mechanisms are good candidates for
high-efficiency actuator designs. An important drawback of using a ball-screw mechanism is the fact
that an output mechanism is needed for converting the prismatic output to rotation when necessary.
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In [31–33], the authors use off-the-shelf components for designing SEAs which is an important
strategy to keep the costs low. The authors use a planetary gearbox for speed reduction in their designs.
Planetary gearboxes have low efficiency and poor impact tolerance due to their low backdrivability.
Torque ripple and backlash are other drawbacks of planetary gearboxes.

A low-cost robotic arm with SEAs was presented in [34]. In order to reduce the total cost, stepper
motors, which are relatively cheaper and provide high torque at low speeds, were used. High motor
torque eliminates the necessity of a high gear ratio speed reduction mechanism and, thus, reduces the
cost and weight of the robot arm, while low motor speed limits the maximum joint velocity. The pHRI
safety was achieved by using SEAs but only the proximal four joints have SEAs in order to keep the
total cost low. The series elasticity and force sensing of the SEAs were achieved by using polyurethane
tubes which is another important step to reduce the cost. The main drawback of polyurethane tubes is
their nonlinear stiffness behavior with significant hysteresis. In [35], the authors propose a low-cost
SEA for multi-robot manipulation applications. The authors use planetary gearbox along with a
capstan drive. The angular position at the joint is measured with a potentiometer. The compliance is
achieved with a thin strip of spring steel. The overall cost is kept low by designing the custom parts
with simple geometries. In [36], a modular and low-cost variable stiffness actuator was proposed
which is designed to serve as a building block for low-cost multi degrees of freedom robot designs.

Although many different design configurations of SEAs have been investigated, low-cost
realization of SEAs with a focus on high-performance and industrial grade strength have not been
studied. Reducing the cost of SEAs without compromising too much on the performance is necessary
for the industrial and educational SEA designs. The total service life with minimal maintenance or part
replacement is another important design consideration. Although there are low-cost industrial robot
arms with SEAs such as Baxter [37] which benefits from reduced unit cost due to high-volume
production, low-volume research hardware preparation with low manufacturing cost needs to
be explored.

Designing SEAs with low cost and long service life is also important for their use in education.
The actuators designed for research have a limited time of use and are built with high-end components
without the cost in mind. On the other hand, the systems designed for education purposes require
longer service life with limited maintenance and affordability for increased accessibility.

In this paper, we devise a low-cost SEA which has comparable force and position tracking
performance to the high-end SEAs while providing industrial level service life. As a reference point,
we chose 40,000 h of expected service life and half of the cost of the SEA that we chose to re-engineer.
In order to achieve these performance points, we reduced the number of custom parts and selected
off-the-shelf parts with the targeted service life. We designed the custom parts with simple geometries
which can be prepared with minimal machining. We partnered with an industrial company in China
for finding both the right components for industrial applications and the lowest possible prices for the
off-the-shelf components. Manufacturing in China is much cheaper not only for mass production but
also for individual projects. Some of the various reasons why manufacturing in China is cheaper is the
fact that the average labor cost is still lower than in the United States, high raw material production, low
raw material pricing and government policies on low shipment cost [38]. Using these aforementioned
methods, we show that the cost of low-volume mechatronic hardware preparation for research in
academia, education and industrial settings can be lowered drastically while keeping the quality
reasonably high and compromising on some of the less important design aspects, weight in our case.

Lowered costs will increase the availability of robots to the broader population and more research
availability will boost the development of robotics applications. The rest of this paper is organized
as follows: In Section 2, the design process of the StoneAge-SEA (SA-SEA) is explained. Modeling,
force and position controllers are given in Section 3 and the performance on force and position control
as well as impact detection tests are presented in Section 4. Finally, additional information about the
proposed procedures and results are discussed in Section 5.
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2. Design

Setting the design goals for the desired application is a crucial step for keeping the costs low. Only
the necessary properties of the system should be taken into consideration and their priorities should be
properly sorted. For example, the energy density is an important design aspect for the SEAs designed
to be used for humanoid robots or orthosis systems while it has a lower priority for industrial setups
since they are usually rigidly grounded. For our design, maximum output speed, continuous output
force, cost, backlash, bandwidth, mechanical strength, service life and human safety are the important
considerations. For the sake of mechanical strength and long service life, the weight of the actuator is
considered as low priority.

Target output speed and force values are taken from the re-engineered model, UT-SEA. While
keeping the force and position control performance comparable to the UT-SEA, we targeted half of the
cost for the new SEA. Table 1 shows the available properties of the UT-SEA and targeted and achieved
values of the new SA-SEA.

Table 1. Properties of the UT-SEA [26], our design goals and achieved properties of the SA-SEA.

Design Aspect UT-SEA Target Value SA-SEA

Cont. Output Force 848 N 848 N 829.96 N
Peak Output Force 2800 N 2800 N 2355.47 N
Peak Output Speed 32.5 cm/s 32.5 cm/s 28.8 cm/s

Cost $5100 < $2550 $1750
Force Bandwidth 18 Hz 10 Hz 8.5 Hz

Expected Service Life N/A 40,000 h >60,000 h
Force Sensitivity 0.31 N 0.31 N 0.06 N

Stroke 6 cm 6 cm 7.1 cm
Weight 1168 g N/A 3280 g

After setting the force and speed goals, the selection of the speed reduction mechanism is a critical
step for the overall performance of the system. The system’s mechanical efficiency and backlash are
mainly affected by the speed reduction mechanism. Backlash is an undesired property for most of the
engineering systems and the existence of backlash adversely affects system stability and repeatability.
Harmonic drives and ball-screw mechanisms are the best solutions for backlash problems. Between the
two, ball-screw mechanisms are more durable against excessive forces and impact loads. The typical
efficiency of the ball-screw mechanisms is in the order of 90% whereas the typical efficiency of harmonic
drives is in the order of 80%. Ball-screw mechanisms are also cost effective solutions for linear motions
and are therefore a good candidate for a low-cost SEA.

There are two stages of speed reduction in the SA-SEA which are the ball-screw mechanism and
the pulley system. Since the ball-screw mechanism is a more expensive component than the pulley
system and has a greater possibility of cost reduction, we selected the ball-screw mechanism first and
then selected the pulley ratio accordingly in order to meet the design requirements. We kept in mind
that having a high pulley ratio will affect the overall actuator size. By using Equation (1) and using
a maximum pulley ratio of 3:1, we selected the BSHR01205-3.5 model ball-screw mechanism from
TBI Motion (New Taipei City, Taiwan) which requires less than 0.5 Nm input torque for the desired
force output. We set this maximum torque value in order to keep the cost and size of the motor under
reasonable values. In the following equation, (T) is motor torque, (F) is force output, (l) is ball-screw
lead, (N) is pulley ratio, and (η) is ball-screw mechanism’s efficiency.

T =
F l

N 2π η
(1)

The selected ball-screw mechanism requires 0.25 Nm of motor torque if we choose the 3:1 pulley
ratio in order to match the continuous force output target. For cost reasons, we decided to use an
AC servo motor and selected the TS4603 model from Tamagawa Seiki Co., LTD (Iida, Japan) with
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0.318 Nm continuous torque output. The selected motor driver is compatible with Programmable Logic
Controllers (PLCs) and has its own Proportional–Integral–Derivative (PID) controller both of which
are widely used in industrial control applications. The price for the torque was the main consideration
for motor selection.

Solving the Equation (1) for N with the given rated torque and specifications of the selected
ball-screw mechanism gives a pulley ratio of 2.36. Considering the available pulley teeth numbers,
the desired mechanical strength of the pulleys and the suitable timing belts, we selected a 60:26 timing
pulley ratio, which gives slightly lower output values than the desired ones.

The peak output force with the selected motor and assumed drive-train efficiency (95% for the
pulley system and 90% for the ball-screw mechanism) was calculated to be 2355 N for the chosen
system parameters. The spring should reach this force value before reaching its shut length. Using soft
springs allows higher force sensing resolution since the distance traveled for the same force will be
longer. On the other hand, softer springs reduce the bandwidth of the system. Having these in mind,
we selected the TL50-060 from Tohatsu Springs (Tokyo, Japan) which has 137.96 N/mm stiffness. Since
two springs are used in series, the effective spring stiffness is expected to be 275.8 N/mm. With 10 mm
allowed working distance after pre-compression, this stiffness is high enough to hold the maximum
peak force created by the motor.

For force sensing, the linear motion of the spring is converted to rotational motion by using
a pulley system. After setting the allowed working distance of the spring, there are two variables
affecting the force resolution. These are the sensor resolution and the diameter of the pulley used at
the sensor shaft. By considering the minimum number of teeth available for the timing pulley, we
selected the 17-bit TS5667N120 from Tamagawa Seiki Co., LTD. (Iida, Japan) which provides 0.06 N
force resolution. This is a low-cost absolute encoder with RS-485 NRZ communication protocol which
has great immunity to the noise in industrial environments and has fast data transfer rates as high as
50 MBaud.

The force sensing mechanism was also re-engineered to be more durable and easily calibrated.
The number of encoders was reduced to one from two which contributes to cost reduction. The
selected encoder significantly increases the force sensing resolution. Figure 1 shows the force sensing
mechanism of the SA-SEA.

Figure 1. The SA-SEA and its cross section showing (a) Tamagawa Seiki Co., LTD TS4603 motor;
(b) 60:26 pulley system; (c) TBI Motion BSHR01205-3.5 ball-screw mechanism; (d) Tohatsu Springs
TL50-060; (e) Tamagawa Seiki Co., LTD TS5667N120 17-bit absolute encoder; (f) Misumi BGSTZ6-90
miniature ball bearing guides; (g) Force sensing mechanism; (h) Side bracket for easy assembly and
rotational stiffness; (i) Misumi B7006-DB angular ball bearings.

The expected service life of the actuator heavily depends on the ball-screw mechanism which is
the component that is the most prone to deterioration over time. There are many aspects affecting the
service life of the ball-screw mechanism. For instance, proper lubrication, assembly, and operation as
well as environmental variables such as dust are factors affecting service life.
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We calculated the service life of the ball-screw mechanism by assuming that the actuator output
is making a sinusoidal motion with the highest continuous actuator output speed. We also assumed
that a sinusoidal axial load with an amplitude matching the maximum continuous force output of the
actuator will be applied. By using Equation (2), the expected service life is calculated to be 60,894 h.
Since SEAs increase the lifetime of drive-train components, the expected service life of the ball-screw
mechanism is higher than the calculated value. In Equation (2), Lt is the expected life of the ball-screw
mechanism, Ca is the basic dynamic load rating which is taken from the component datasheet, Pe is the
average axial load (65% of the maximum load for sinusoidal motion), fw is the load factor (1 for very
low vibration and impact conditions), and n is the average rotational speed (65% of the maximum
speed for sinusoidal motion).

Lt = (
Ca

Pe fw
)3 106 1

60 n
(2)

All other off-the-shelf components such as bearings and timing belts are selected by considering
the targeted service life of the actuator and its cost-effectiveness. The custom parts are designed to
minimize the machining time of the aluminum plates and ease the assembly of parts. In order to make
the assembly process easier and to add torsional stiffness to the actuator body, side plates are added to
the design (h in Figure 1).

On the controller side of the actuator, we used a PC-104 based embedded PC with RTAI Linux.
The real-time control loop is set to run at 1 kHz while the sensor data is updated at 2 kHz on a separate
thread. The PC-104 stack includes a DAC board for commanding desired motor torque and a serial
communication board for interfacing the encoders.

3. Modeling and Control

There are two types of control mode discussed in this paper. These are force control and joint
position control. Our goal in force control mode is to achieve a near ideal force source behavior from
the SA-SEA and accurately track dynamically changing desired forces in the targeted bandwidth. For
the joint position control, the goal is to follow the rapidly changing desired joint positions accurately.
The position controller was built on top of the force controller by using it as a building block. In order
to achieve high performance from the controller, it is important to build a good model of the system
and characterize the system components. In this section, we present the modeling of the SA-SEA,
characterization of the spring, and development of the control architectures.

3.1. Modeling

There are two fundamental SEA structures. These are referred to as Force Sensing Series Elastic
Actuator (FSEA) and Reaction Force Sensing Series Elastic Actuator (RFSEA) [26]. Figure 2 shows the
simplified models of FSEA and RFSEA. The re-engineered SEA in this study has the RFSEA structure.
Compared to prismatic FSEAs, RFSEAs are more compact and have a larger range of motion. In
RFSEA designs, the spring is located between the motor and the ground. Therefore, the load is directly
connected to the gear train. While this reduces the impact tolerance, compensation is provided by the
high impact tolerance of the ball-screw mechanism. Another drawback of RFSEA is the larger sprung
mass which includes the mass of the motor, inertia of the rotor and the gear train. This results in a
more complex force calculation for the RFSEAs. For FSEAs, the output force can be calculated directly
from spring deflection whereas for RFSEAs, the force seen at the output is the sum of the inertial force
of the sprung mass of the actuator, the force due to the effective friction in the system, and the spring
force. Figure 3 shows the general model of the SA-SEA which shows the system components affecting
output force.
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mk

k
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Figure 3. Model of the SA-SEA. Here, k is the effective spring stiffness, blb is viscous friction at the
linear ball bearings supporting the spring cage, mk is the total sprung mass of the actuator, Fm is the
motor force, bb is the viscous back-drive friction of the ball-screw mechanism, mo is the output mass
and Fo is the output force.

Characterization of the components is important for creating an accurate model of the system.
It is especially important for low-cost components since there is a greater chance of having different
performance values than the ones given in the datasheets. The characterization process begins with
the calibration of the force sensor in order to find the zero force position of the encoder. To to this, we
disconnected the actuator from the joint and mounted it horizontally to the table. After calibrating
the force sensor, we started our spring characterization process. We kept the output shaft of the joint
parallel to the ground, locked the gear train, applied known forces in both directions from 0.3 m
distance and recorded the sensor readings. The effect of the output bar’s weight has been taken into
account. The Figure 4 shows the normalized applied force v.s. sensor readings. As the figure shows,
the spring is perfectly linear in the testing range but there is a slight shift on the force readings on
y-axis. This shift is introduced by the force bias due to the motor mass sliding on the ball bearings
because of its sloped position.

The motor used in this project is an industrial AC servo motor which is designed to be used at
relatively high speeds. When the motor is used at high speeds, the rotor inertia acts like a low-pass
filter and cancels out the torque ripples seen at the motor output. In force control applications such as
gravity compensation, the motor rotates at lower speeds. This makes the torque ripples seen at the
output of the low-cost AC servo motors more observable. Figure 5 shows the torque ripples seen at
the actuator for a ramp input. These ripples were canceled out by using the PID based force control
explained in Section 3.2.

At this point, it is important to point out that we made sure that the ripples seen at spring force
originated from the motor. We checked this by observing the torque ripples when the motor was
disconnected from the drive train.

Some of the system parameters such as the sprung mass of the actuator and the effective viscous
friction in the system are hard to calculate. System identification is a useful tool in order to have an
accurate system model. Unfortunately, the high torque ripples prevent a successful open-loop system
identification. Therefore, we performed closed-loop system identification by using the proposed force
controller in Section 3.2.
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Figure 4. Spring characterization graph. Each experiment was performed 6 times. The graph shows
the consistency of the experiment results. The approximate values of the dumbbell weights used in
these experiments are: 1.1, 2.2, 3.4, 4.5, 6.8 and 9 kg.
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Figure 5. Torque ripple cancellation with PID based force controller.

3.2. Force Control

In order to simplify the force control architecture, we used a high impedance output setup.
Figure 6 shows the model of the high impedance setup created by grounding the actuator output.
In this configuration, Fo = Fm + Fbb

= Fmk + Fbe f f
+ Fk. As a result, the output force equation can be

written as

Fo = ma ẍ + be f f ẋ + kx (3)

where be f f is the effective viscous friction in the actuator.

mk

x
k

blb

Fm

bb

Fo

Figure 6. Model of RFSEA for force control with high impedance load.
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Equation (3) requires derivation of both ẍ and ẋ for an accurate force feedback, especially at
high frequencies. Considering the mechanical failure possibility of RFSEA design near resonant
frequency [26], we control spring force by using Hooke’s Law:

Fk = kx (4)

This approach sacrifices the accuracy of force feedback at high frequencies but guarantees stable
control for a wide range of frequencies. The transfer function between the motor force and the spring
force can be written as

Fk(s)
Fm(s)

=
k

s2mk + sbe f f + k
(5)

Equation (5) yields a second order mass-spring-damper system. In this equation, mk represents
the sprung mass of the actuator which includes the inertial elements of the actuator such as the motor
mass, the partial mass of the ball-screw mechanism and the springs, as well as the rotational inertia of
the rotor. Finding mk and be f f requires extensive study of the system. In order to find the unknown
system parameters, we performed closed-loop system identification by using the force controller
shown in Figure 7. We used an exponential chirp signal as Fd and fitted the experimentally found
model to Equation (5). By using the known gains and system parameters, we found that mk ≈ 64 kg
and be f f ≈ 921.6 Ns/m.

PID SA-SEA k
Fd + e x Fk

−

Figure 7. Force controller for high impedance RFSEA setup.

Since we designed the SA-SEA for industrial and educational applications, we only used a PID
controller. PID control is a simple and effective control approach used for more than 90% of the
industrial control applications. It is also one of the most fundamental control method taught in control
education. PID control can be realized by using a PLC which is a common controller selection in
industry. Figure 7 shows the force controller used in this study. As it can be seen on the controller
diagram, there is no filter applied to the feedback signal. Low noise level on the feedback was achieved
by taking advantage of the high noise immunity of the RS-485 communication and the high data
update rate of the encoder. This enables multiple sensor readings to be done in one control cycle,
eliminating any inconsistent feedback data. The only filter used in this controller is the first order
low-pass derivative filter given in [39]. In this control approach, the required motor torque command is
calculated from the desired spring force by using the system parameters and is sent to the motor driver.

3.3. Position Control

The second controller designed for the SA-SEA is a joint position controller. In joint position
control, the goal is to accurately follow the rapidly changing desired joint positions. After achieving
an accurate force control performance, we used the designed force controller as a building block for
the position controller. The force created at the actuator output is converted to joint torque using the
mechanism shown in Figure 8. The joint torque (τa) which is created with the force output of the
actuator (F) can be calculated as follows [26]:

τa = FL(θa) = F
cb sin θa√

b2 + c2 − 2bc cos θa
. (6)

Also, the relationship between the joint torque and the load dynamics can be calculated as,
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τa = Ja ϕ̈ + Bϕ̇ + τg(ϕ). (7)

In this equation, Ja represents the load inertia, B represents the joint friction and τg(ϕ) represents
the torque created by gravity and can be calculated as,

τg(ϕ) = maglma cos ϕ (8)

where ma is load mass and lma is the distance of the center of the load mass to the joint. The joint angle
ϕ is determined by the joint position sensor and θa used in Equation (6) is dependent on joint angle.

Using Equations (6)–(8), the nonlinear equation governing the load dynamics can be written as,

F =

√
b2 + c2 − 2bc cos θa

cb sin θa
[Ja ϕ̈ + Bϕ̇ + maglma cos ϕ]. (9)

Figure 8. Kinematic structure of the joint link mechanism.

As Figure 9 shows, the required joint torque is derived using the desired joint trajectory plus
the gravity effect based on the joint position. The inertial and friction force terms are included as a
feed-forward term. The desired actuator force output is calculated by using the inverse of L(θa) and is
sent to the force controller.

PID

s2 Ja + sB τg

L−1 Fcntrl L

τg

1
s2 Ja+sB

θd + e
τad

Fd Fo +
τa

θa

−

+ −

Figure 9. Joint position controller.

4. Performance Tests

The main goal of this study is to achieve high performance from a low-cost SEA. Fundamentally,
we aim for comparable performance to the UT-SEA in terms of its force and position tracking
capability. These are building blocks for any higher level controllers and directly affect the system’s
overall performance.
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We also performed an impact recognition test in order to analyze the system’s mechanical
robustness and responsiveness. The performance of the SA-SEA on these tests is critical for its
use in industrial applications. The results of the experiments are presented in this section.

4.1. Force Control Test

For force input tracking, the actuator output was rigidly grounded as modeled in Figure 6 and a
PID based force controller, which is shown in Figure 7, was used. In order to see the system’s response
for rapid changes in desired force, we applied an exponential chirp signal with an amplitude of 100 N
and a frequency range of 0.1–100 Hz for a 30 s duration. This experiment is necessary in order to see
the system’s frequency response at high frequencies and to see the force bandwidth of the system.

Figure 10 shows the bode plot of this experiment. As it can be seen, the SA-SEA shows good force
tracking performance at lower frequencies and the actuator output degrades at higher frequencies.
The bode plot shows that the force tracking bandwidth is 8.5 Hz, which is lower than the targeted
bandwidth of 10 Hz. The bode plot also shows that the magnitude values increase at high frequencies
instead of decrease, which is due to the high frequency noise on the recorded output data.
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Figure 10. Bode plot of the force tracking test with chirp input ( f = 0.1–100 Hz).

The bandwidth of force tracking can be improved by using model-based controllers. For simplicity,
we used a PID-based controller only. A higher bandwidth can be achieved by testing the force controller
with a smaller amplitude reference signal.

4.2. Position Control Test

Another important performance metric for the SEAs is the joint position control performance.
It is necessary to precisely follow dynamically changing desired positions with a small overshoot,
short settling time, and low steady-state error values. In order to test the system performance on
joint position control, we used the position controller explained in Section 3.3 with a smooth step
input featuring a 0.5 rad step height. We attached a 2.268 kg weight at a 20 cm distance from the
joint. Figure 11 shows the result of the position control experiment. The system output shows 10%
overshoot and 0.35 s settling time for 2% band.
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Figure 11. High speed joint position tracking with 2.26 kg load located at 0.2 m from the joint.

4.3. Impact Detection Test

SEAs are inherently safer actuators than the rigid actuators due to the elastic element added
between the actuator and the output. The elastic element attenuates the reflected inertia of the rotor
and improves safety for the actuator environment while marginally reducing the safety with the
possibility of increasing the upper bound of the joint velocity due to the built up kinetic energy on the
spring. On the other hand, high-frequency load changes and impact forces are filtered by the elastic
element which improves the safety of the actuator itself against mechanical failures in the drive-train.

The safety level of SEAs can be further improved by using sensing and control approaches.
SEAs are very good on providing reliable force feedback. This allows us to quickly recognize
unexpected force changes at the output and create reactive control approaches in order to improve
safety. Haddadin et al. studied different impact detection and reaction methods in [40]. The impact
detection methods proposed in [40] are model-based methods and, thus, require extra measures to
cope with possible modeling errors. There are many design aspects affecting the safety of a robot
such as joint mass, joint speed, joint stiffness, to name a few. In [41], the authors further improve the
safety of the robot by avoiding the collision in the first place, then use collision detection and reaction
methods if the collision is unavoidable. While taking a proper reaction to the impacts is important, the
robot or the actuator should be able to distinguish the user collaboration from an impact. In [41], the
collaboration phase starts if a collaboration request comes from the user or the robot.

In this study, we use a simple method for distinguishing the collision from collaboration.
We always monitor the joint angle error and the spring force error and use a force error threshold for
detecting the impact. When the user pushes or holds the output link, the joint angle error increases
but since the desired force is regulated according to the joint angle error, the spring force error does
not increase. However, when there is an impact, an instantaneous jump on the spring force error
level occurs. This method allows us to safely collaborate with the actuator while monitoring impacts.
Figure 12 shows the joint angle of the SA-SEA actuator under normal operation, during collaboration,
and under impact. The actuator starts with the normal operation and after the first cycle, the user
holds the output link and pushes it around. In this phase, the actuator tries to follow the desired joint
trajectory. After letting go of the output link, the user holds his hand in the desired joint trajectory.
When the impact occurs, the actuator recognizes the impact and responds to it by moving back to
the furthest opposite direction possible. We believe that the safest reaction method is to take all the
energy out of the output link as quickly as possible. The proper way to do this is by applying the
highest possible torque to the joint in the opposite direction of the motion when the impact occurs.
By doing so, all the kinetic energy of the joint link is removed. After this point, switching to gravity
compensation mode cancels out the potential energy of the output link and allows it to fully comply
to the user’s motion. For the sake of demonstrating the quick response of the actuator, we chose to
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move the output link in the opposite direction in this experiment. The analysis of the experiment result
showed us that the detection of the impact took 11 ms and the total time from the occurrence of the
impact to completely stopping the joint link’s motion in the impact direction is 55 ms. The joint rotated
4.29◦ during this time period.
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Figure 12. Physical human-robot interaction (pHRI) and impact recognition. The experiment starts
with position control. The user interacts with the actuator safely and then causes impact at around
t = 23 s. The actuator quickly moves to safe position in the reverse direction.

The main drawback of our impact detection method is its dependency on the performance of
the force and position control loops. A low-performance controller can easily trigger a safety flag in
the system. This can be avoided by setting the threshold values according to the maximum expected
force and position errors when there is no impact or user input as long as these values do not pose any
danger to the user when impact occurs. It is important to note that this safety check should start after
the initial errors at the system startup are phased out.

5. Conclusions

In this paper, we showed that a significant cost reduction on low-volume mechatronic hardware is
possible. We significantly reduced the cost of our SEA to one-third of its original cost while maintaining
good force and position control performance. This was done by increasing the number of off-the-shelf
components, partnering with an industrial company in China for optimal production costs, and
carefully designing custom parts for minimal machining work. While reducing the cost, the total mass
of the actuator increased. There are two main reasons behind the increase of the total mass. These are
the bulkiness of some of the low-cost components and thicker design of the custom parts for sturdy
mechanical construction and longer service life.

It is a challenge to make a significant reduction on the cost of an actuator. At the mechanical
design phase, increasing the number of off-the-shelf parts helps to reduce the cost, as expected. In
order to further reduce the costs, low-cost components should be selected as long as they satisfy the
performance requirements. Otherwise, we need to find techniques to compensate for the shortcomings
of the components via mechanical design or control methods. The biggest challenge we had working
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with low-cost components was the lack of sufficient documentation and technical support. It requires
extra effort to get the most performance out of the low-cost components.

The main drawback of the SA-SEA is its low power density. This can be improved by detailed
finite elements method analysis on custom parts and reducing their weights. The control performance
can be further improved by using model based control schemes. Our future work will be to improve
the power density and to design a low-cost SEA which is suitable for mobile platforms. We are
also working on devising a methodology for finding the optimal gains for best impedance control
performance.
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