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Abstract—A Series Elastic Actuator (SEA) is a mechanical
system that consists of a motor, an elastic material, and an
end-effector placed in a series. By actuating the motor and
loading the elastic material, the SEA can generate forces at the
end-effector. Once the elastic material is loaded, the SEA can
continuously produce forces without requiring additional motor
actuation. This paper proposes a torsion spring-motor integrated
SEA, specifically designed for applying consistent forces on a
robot arm that can potentially contribute to achieving stability
in robot poses. The SEA configuration comprises a motor securely
attached to the body frame and a torsion spring connected
between the robot arm and the motor shaft. When the robot arm
contacts the ground, the actuating motor causes a deflection in
the torsion spring. A force sensor positioned beneath the robot
arm measures the pushing forces resulting from the deflection
of the torsion spring. The torques can then be calculated by
multiplying the distance between the SEA shaft and the robot
arm by the measured force. Other design variations are also
discussed with different assembly orders. The hardware tests
show that the difference between the measured and estimated
torques computed using Hooke’s law of two suggested designs
was an average of 0.0847 N-m and the normalized root mean
square error of 13.48%.

Index Terms—Series Elastic Actuator, Torsion spring, Mechan-
ical Design, Force sensor, Load cell

I. INTRODUCTION

Actuators, such as servo or DC motors, have gained
widespread usage in the field of robotics. Their reputation
for reliability, precise position control, and resilience against
external disturbances has spurred extensive research on their
application in various domains. These include areas such as
robot motion control, medical devices, compressors, and more
[1]. However, these stiff actuators have inherent limitations
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in dealing with unexpected forces caused by environmental
impact or shock [2]. When subjected to large forces, the shaft
or gearboxes of these actuators can be damaged. Furthermore,
continuous motor actuation is required for robots that exert
forces against the ground or a wall to maintain a stable pose.

Compared to stiff actuators, Series Elastic Actuators (SEAs)
have built-in elastic materials, namely torsion springs. While
traditional stiff actuators generate torques through electric
current flow, SEA can derive torques from the deflection of
an elastic material. The SEA is known for a complicated
mechanism since it combines a motor, an elastic material,
and structures depending on the configuration [3]. Despite
its complexity, the SEA reduces the stiffness of conventional
actuators and enables them to avoid unintended forces directly
on motor parts. Leveraging this distinctive characteristic, SEAs
can be effectively utilized as robot legs, as demonstrated by
examples such as the Legged robot at MIT [4]. This enables
the actuators to absorb unexpected shocks or disturbances
resulting from impacts, enhancing the overall stability and
resilience of the robot [5]. The benefits offered by SEAs
have led to their widespread application in wearable robots
and exoskeleton devices [6]. As the deflection of elastic
materials determines the torque, SEAs also can be used as
a force or torque sensor [7]. Additionally, the deflection of
elastic materials allows SEAs to transmit force or torque to
connected mechanisms without requiring additional motor ac-
tuation. Moreover, including elastic materials, such as springs,
in SEAs transforms the force control problem into a position
control problem, resulting in substantial improvements in force
accuracy [8].
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This paper focuses on exploring the feasibility of applying
pushing forces on a robot arm. The proposed SEA aims to
inherently obtain stability by passively expanding the robot
across the full breadth of the wide range of narrow spaces, the
springs firmly pressing the robot arms against opposite walls.
Previous research has suggested various elastic components
for SEAs, including compact and lightweight elastic beams
[9], compression springs for linear motions [10], and torsion
springs for rotational motions [11]. We propose the torsion
spring-motor integrated SEA, as torque is required to push
against the walls using the robot arm continuously. The motor
is attached to the robot body frame or arm and driven to deflect
the torsion spring. As the torsion spring deflects, torque is
applied to the robot arm connected to the spring. Two different
types of torsion spring-motor integrated SEAs were designed
and tested for characterization. Also, to complement the limita-
tion of two Types of SEAs, one conceptual design is suggested
that can generate large torque using a DC motor for potential
application in robots operating in various environments.

The paper is organized as follows. Section II presents the
designs of the two suggested SEAs. Specifically, the first
design, Type A, has a motor attached to the body frame, and
the second design, Type B, has a motor attached to the robot
arm. Both SEAs are designed for small-size robots operating
in space-limited areas such as pipes. Section III explains the
experimental setup, hardware components, and a customized
force sensor calibration method in detail to measure the forces
generated by the SEAs accurately. Section IV analyzes and
discusses the experimental results, providing insights into the
performance and characteristics of the proposed SEAs. Also,
a larger torque model design, Type C, is suggested. Finally,
Section V concludes the paper and outlines future directions
for research.

II. DESIGNS

This Section discusses two types of SEAs: Type A and
Type B. These are designed explicitly for robots operating in
confined spaces. A high-torque micro servo motor was utilized
to simplify the design and achieve precise shaft angle control.
Type A and Type B SEAs share the same hardware parts but
they are connected in reverse order.

A. Type A: Torsion Spring-Servo Integrated SEA

As shown in Fig. 1, Type A SEA features a servo motor
mounted on the body frame, with Disk 2 attached to the
servo motor hub. A D-profile shaft is rigidly connected with
both Disk 1 and 2. Disk 1 links the shaft and torsion spring,
enabling the transfer of motor torque to the spring. A torsion
spring, securely attached to a robot arm, carries the torque
from the servo motor and changes the arm angle. However, the
arm angle remains constant when the robot arm comes into
contact with the ground. Thus, as additional torque is applied
to the spring by the servo motor, the torsion spring starts to
deflect. It is highly suitable for constructing a robot arm that
can apply continuous forces to walls or floors. The compact
size of the Type A SEA is valuable for robots deployed in
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Fig. 1: Type A SEA: Consists of a servo motor, a torsion
spring, a D-profile shaft, 3D printed disks, and a robot arm.

Torsion Spring

Fig. 2: Type B SEA: Parts are connected in reverse order
compared to the Type A SEA.

narrow structures, allowing them to maintain their posture and
stability. By leveraging the Type A SEA, these robots can
effectively exert forces against the walls, ensuring their ability
to navigate and operate within confined spaces.

B. Type B: Reverse Torsion Spring-Servo Integrated SEA

Fig. 2 depicts the design of the Type B SEA, which is a
variant of the Type A SEA sharing identical hardware com-
ponents. However, the arrangement of these parts is reversed
compared to the Type A SEA. A servo motor is embedded in
a robot arm, and the servo motor hub is rigidly attached to
Disk 2 and D profile links Disk 1 and Disk 2. As a torsion
spring links Disk 1 and a spring mount on the body frame, the
deflection of a torsion spring generates the pushing force on
a robot arm. Since type B does not have servo motor mount
on the body frame and have the smaller body width (Type A:
3.07°, Type B: 2.65’), this design has benefits to fit inside the
smaller space.
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Fig. 3: Type A SEA Side View: a is the arm length, and ¢ is
the initial arm angle. r can be calculated as r = a cos ¢. As
the motor is actuated and the torsion spring is deflected, the
force at the edge of a robot arm pushes against the ground.

III. EXPERIMENT SETUP

The hardware parts details for the experiment are listed in
TABLE 1. The SEA contains a motor, a spring, and a robot
arm connected in series. The experiment aims to measure the
forces of suggested SEA designs to characterize them.

TABLE I: Hardware Parts

| Category [ Specification |
Motor (Stall torque) RS100 Micro Servo (1.7037 N-m at 6V)
Shaft 6mm D-profile
Torsion Spring Music wire steel (Max. torque 3.16 N-m)
Microprocessor Arduino Uno
Force sensor Load cell force sensor

A. Torsion Spring Torque

The torque 7 by a torsion spring can be calculated based
on Hooke’s law [12],

T =kAD, (1

where k is the spring rate, /A is the torsion spring deflection
angle. The torsion spring rate k differs depending on the spring
configuration and is determined by [13],

B Ed*

"~ 64DN,
with F representing the modulus of elasticity, d wire diameter,
D mean diameter, and N, the number of active coils defined

by following equation with the spring coil number N and the
leg length L [14],

(N-m/rad), (2)

L
N, =N+ —
“ +37rd

Leveraging torsion spring specifications listed in Table II,
the spring rate of a torsion spring is 1.2005 N-m/rad. Mean-
while, the measured torques are obtained by gauging forces at
the edge of robot arms and multiplying by the length between

(a) Force Sensor (b) Load Cell

Fig. 4: Customized force sensor utilizing a load cell.
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Fig. 5: Calibrating the customized force sensor. Certain
weights were added to the force sensor to obtain raw data.
The plot shows the relationship between the loaded weight
and the sensor’s raw data. Blue circles are sensor data, and
the solid red line is the LS model.

TABLE II: Torsion Spring Specification

‘ Category | Specification ]
E (Modulus of elasticity, N/m?) | 2.0684 x 10T
d (Wire diameter, m) 0.0029
D (Mean diameter, m) 0.0219
N (Number of coils) 5.25
L (Leg length, m) 0.1016

the SEA shaft and the shaft hole on the arm. Fig. 3 shows the
side view of Type A SEA, and torque generated by SEA can
be calculated by multiplying force f by the horizontal distance
r. Then, the measured torque 7, is written as,

Tm =Tf =cosof, (€)

where ¢ is the initial arm angle at which the robot arm makes
contact with the ground, marking the beginning of spring
deflection. This angle is measured by a protractor and is not
assumed to be changing.

B. Force Sensor

The torsion spring deflection creates the pushing force at
the robot arm as described in III-A. For simplicity, instead of
measuring the spring deflection angle, a force sensor can be
used to calculate the measured torque using (3). As seen in Fig.
4a, a load cell force sensor was located underneath the robot
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(a) Type A

(b) Type B
Fig. 6: Type A and B Hardware Model.

arm to measure the force. This customized force sensor uses
a load cell seen in Fig. 4b. A load cell generates a voltage
signal when the force is applied, and it is known that the
output signal varies linearly with the load applied to the sensor
[15] [16]. Thus, the Least Square (LS) method is suitable for
calibrating a force sensor [17]. The linear relationship between
the applied weight X and the load cell force sensor reading Y
can be written as follows [18],

Y =aX +b, “

where (a,b) are parameters. Also, the sum of the error square
with n numbers of data can be defined as,
(Y: — (aX,; +1))°. )

i=1

€ =

To find parameters (a,b) to minimize (5), take the derivative
of (5) about a and b,

5 - . -

5761 :2a;Xf+2b;X¢—2;X¢Yi =0,

5 & -
?Z:Qa;Xi+2nb72;Yi:0' ©)

The parameters are computed by solving (6) and written as,

o TLZXiYi - ZXiZYi
Y XL XX
po 2Yizad X 7
n

As seen in Fig. 5a, the calibration was performed by adding
certain weights to the force sensor. Sensor raw data were col-
lected, and the LS model can be determined though (4)~(7).
The calculated parameters were a = 1.0675 x 10°,b =
—0.6662 x 10°, and Fig. 5b shows the sensor raw data and
LS model. The LS model’s Root Mean Square Error(RMSE)
compared to the measured weight calculated from the sensor’s
raw data was 2.0640 x 10~* kg, and the sensor raw data

appears to be practically linear to the loaded weight.
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Fig. 7: The relation between torsion spring deflection angle
and the output torque of each SEA type. The deflection angle
changes from 0 to 35 degrees, and four tests were performed
for each model. Circles are torque(,,) calculated by (3) about
commanded servo motor torque, and the solid red line is
estimated torque(7) computed by (1) about deflection angle.

IV. EXPERIMENTAL RESULTS ANALYSIS

A. Measured Torque Compared to Estimated Torque

Each SEA hardware test model was built as shown in Fig.
6. The experiment aims to measure the generated torque of
proposed SEAs and analyze the error between the measured
and estimated torque. The torque plots, shown in Fig. 7,
illustrate the relationship between the deflection angle and
torque. The measured torques of Type A and Type B in Fig.
7a, 7b demonstrate a nearly linear relation from 0 to 30
degrees of deflection angle, but it remains constant beyond
30 degrees. This observation can be attributed to the limited
torque provided by the servo motor, which is insufficient to
alter the angle of the torsion spring beyond a certain angle(30
degrees). Taking the data from O to 30 degrees deflection angle,
the RMSEs and NRMSEs about estimated torques for each
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Fig. 8: Type C SEA: Consists of a high-torque DC motor, a
customized torsion spring, 3D printed disks, and a robot arm.

type of SEA are as follows: Type A: 0.0797 N-m (12.68%),
and Type B: 0.0897 N-m (14.28%). Note that the difference
between the maximum and minimum values of the estimated
torques was used as a scaler to normalize RMSE to calculate
NRMSE. The average RMSE and NRMSE of both designs
were 0.0847 N-m (13.48%).

B. Possible Design for High-torque Requirement Robots

For heavy robots with many mechanical parts to cover large
areas or perform multiple missions, we designed Type C,
as shown in Fig. 8. Type C SEA is a larger size designed
explicitly for high-torque-required robots. It incorporates a
high-gear ratio DC motor with an encoder to generate the
necessary torque. Type C SEA shares the same connection
sequence of hardware parts as Type A SEA. However, the
high-torque DC motor used in Type C allows for greater
deflection of the torsion spring. The motor is positioned inside
the torsion spring on the body frame to maintain a low-profile
body width. The motor shaft is connected to Disk 1, which is
linked to the torsion spring, and the other side of the torsion
spring is connected to Disk 2. When the motor is actuated,
the torsion starts to deflect, generating torque that applies a
force to the robot arm connected to Disk 2. Considering the
larger diameter of the torsion spring in Type C, selecting spring
properties such as wire diameter and the number of coils is
crucial to achieving the required spring rate defined as (2).

V. CONCLUSION

This research proposes torsion spring-servo motor integrated
SEAs that aim to generate continuous forces on a robot arm.
These designs leverage the torsion spring’s ability to generate
torques through deflection, eliminating the need for constant
motor actuation. The experimental results demonstrate that
the output torques of both designs exhibit a nearly linear
relationship with the deflection angle. Additionally, the CAD
design of Model C, which employs a high-torque DC motor,
is shown in Fig 8. This design is expected to provide greater
deflection capabilities and is suitable for scenarios requiring

higher torque output and the capability of applying a feedback
control model on robot arms as it uses a high-torque DC motor
with an encoder.

Future work focuses on improving the hardware to reduce
the potential sources of errors, particularly related to the
use of low-cost 3D printed parts, such as disks. These parts
may cause slip and result in torque loss from the servo
motor. To mitigate this, it is required to replace these 3D
printed components with more robust materials, such as metal,
which can provide better reliability. Also, further tests and
characterization of the Type C design are necessary, including
constructing the hardware and conducting tests. In conclusion,
this paper proposes different types of SEAs with unique
characteristics, providing flexible solutions for accommodating
various space constraints and torque demands on robotic
applications.
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