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Abstract— Automation can address labor shortage and
enhance worker safety in construction. However, workers
continue to perform majority of the work at construction sites
that can be automated. Construction machinery require force
control for automation, which can absorb external shocks and
provide appropriate forces along with environmental forces.
This study proposes a force-controlled excavator that fulfills
these requirements by replacing the hydraulic system with a
series elastic actuator (SEA). Few studies have applied SEA to
large high-output construction machinery. We designed the
structure of the SEA to deliver high output power in a compact
form that can be mounted on an excavator. A 2.5-T class
excavator equipped with this SEA is designed, which achieved a
force resolution of 15-35 N at the tip. The effectiveness of this
excavator in automating a major portion of the manual work is
demonstrated.

I. INTRODUCTION

According to several labor surveys and investigations [1],
labor shortages in the construction industry of Japan are
becoming severe owing to the declining birthrate and aging
population of the country. The population of Japan is predicted
to decrease by approximately 30% by 2045 compared with
2015. Experts have raised concerns that this might lead to a
significant decrease in the workforce at construction sites [1].
Furthermore, construction sites are among the most dangerous
working environments in the industry, with the risk of
accidents increasing as the population of senior workers with
declining attention spans increases [2]. Notably, exposure of
workers to strong heat stress due to climate change will reduce
the outdoor working hours [3].

Several pieces of automation technology for the
construction industry have been developed to counter labor
shortages and improve worker safety. A recent survey [4]
proposed levels of automation for excavators and dozers, as
well as a roadmap for developing the necessary technology.
However, the study was limited to dozers and other equipment
that were already mechanized. Examples of onsite applications
of robots include welding and material handling robots [5];
however, their application range is limited because their
specialist nature.

In the last few decades, the nature of work has been
gradually evolving from manual to mechanized, automated, or
autonomous; however, several construction works that could
otherwise be mechanized continue to heavily involve manual
labor [6]. Especially, tasks such as fine alignment and fitting
of materials can only be performed by hand because only
humans can accurately sense the forces generated between
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their hands and the environment and perform the work.
Therefore, if force sensing and control can be handled by
machines, the overall work can be automated to a certain
extend and the burden on workers can be reduced.

Actuators are used to automate machine-aided processes.
Figure 1 illustrates the drive systems and features of some
major actuators. Hydraulic actuators, such as hydraulic motors
conventionally installed in construction machinery, have the
advantages of being compact, powerful, and unbreakable even
under heavy impact owing to their high-power density.
However, achievement of precise operation in response to the
forces has been difficult due to variables such as valve
responsiveness. While studies have reported the installation of
pressure sensors in hydraulic actuators to estimate external
forces [7,8], they focused on providing feedback to the
operator of the construction machinery and not at properly
handling forces.

An electro-hydrostatic actuator (EHA) consists of a pair of
pumps and a hydraulic motor, and the pumps are driven by
servomotors [9]. Although it has high back-drivability and can
sense force from pressure measurements, it does not achieve
stable and precise operation due to changes in the
characteristics caused by the ambient temperature of the
hydraulic fluid.

Meanwhile, electric motors can achieve precise motion. In
[10], a method for brick piling using an electric industrial robot
was proposed, which performed the task with high precision.
However, during operation on construction sites, the reduction
gear of the motor can be damaged by unpredictable external
forces. Similarly, sensors such as load cells mounted for force
sensing may be damaged by external impact. To solve this
problem, [11] proposed series elastic actuator (SEA) system in
which an elastic body such as a spring is mounted on the output
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side of the reduction gear to absorb shock and protect it. The
SEA is a piece of technology that has garnered research
interest as producing precise motion and shock absorption, as
reported in a recent study on its application in the legs of a
quadruped robot [12]. However, few examples of large
actuators with high outputs are available, such as those used in
construction machinery.

With the relevant and consolidated techniques proposed in
the literature, this study proposed a large SEA system that
could be implemented in construction machinery to mechanize
manual work. The main contributions of this study are as
follows: 1) compact design of a new elastic element of the SEA
that enables high output power and can be mounted on an
excavator; ii) electrification of the bucket, arm, and boom
joints; iii) implementation of the system in a prototype based
on a 2.5-T class commercial excavator; and iv) demonstration
of the mechanization of manual tasks such as alignment of
materials.

The remainder of this paper is organized as follows.
Section II describes the structure of the proposed SEA
structural design problems with the conventional SEA, and
solutions for its application to an excavator. Section III offers
an overview of the prototype installed in the SEA. Section IV
presents the results of several experiments performed
manually, such as maneuvers required to align materials.
Finally, in Section V, we draw conclusions and discuss
possible future developments of the proposed system.

II. LARGE SERIES ELASTIC ACTUATOR (SEA)
DEVELOPMENT

A. Structural Design Issues of SEA

In this study, we applied an SEA to the arm and boom
joints of an excavator used as a construction machine. Prior to
this, we solve three structural design problems: i) the structure
of the elastic body of the SEA, ii) the structure of the entire
SEA system, and iii) the electrification of joints. These issues
and their solutions are discussed in the following section.

B. Structure of Elastic Part of SEA

Various materials and shapes have been proposed for the
elastic part of the SEA (hereinafter referred to as the elastic
element (EE)). Although the use of a torsion bar is the most
common method for joint applications [13], the desired spring
constant could only be achieved with a long torsion bar,
making mounting the system on an excavator difficult. While
a special alloy called “rubber metal” has been used for the
torsion bar [14], it must be fabricated from an ingot, which
makes it an expensive material. There are several reports on
miniaturizing the spring by manipulating its shape [15,16].
However, this is difficult to achieve for excavators that
receive large torques owing to design and manufacturing
restrictions on the shape of the spring. Research has also been
conducted on the use of nonferrous materials, such as silicon
[17]; however, they cannot be used in excavators because of
the payload and environmental conditions. Based on these
considerations, we adopted a configuration of coil springs for
EE, which have a low temperature dependence and are highly
resistant to the environmental variations. Details of the
developed EE are shown in Fig. 2. To protect the reduction
gear from external shocks, multiple coil springs were

connected to achieve the desired spring constant, forming a
unit structure. In this study, we designed an EE based on the
assumption that an unexpected external force would cause the
bucket tip to collide with the ground while the arm is extended.
The design was based on actual measurement data during
excavation. The output of the reduction gear drove housing B,
which connected housing A to the output shaft via a coil
spring. The effects of friction and other factors in the
mechanism produced hysteresis, leading to control issues.
This was addressed using a model of the characteristics to
design the estimator, which is described in the following
section. By fabricating a spring unit as a unit construction, we
can replace the EEs and modify the spring constant or form a
rigid connection, depending on the target of operation.

C. Structure of SEA

The basic structure of the SEA consists of EEs attached to
the reduction gear output. As a common practice, the different
readings of the encoders installed in the input and output
sections of the EEs are used to measure the spring
displacement. However, when this configuration is adopted
directly, the SEA unit becomes excessively large for
installation in excavator joints. In particular, mounting an
encoder on the input of an EE is difficult, and few types of
hollow-type encoders are compatible with large models. If a
solid-type encoder uses a timing belt, accurate measurement
of the spring displacement is challenging owing to belt
elongation and backlash. The cross section of the SEA is
illustrated in Fig. 3(b), which shows a nested shaft
construction to make the unit compact and allow the
installation of an excavator. Furthermore, this design allows
the spring displacement to be read from the relative
displacements between the input shaft and the output using a
single encoder. With this configuration, the spring
displacement can be measured directly and accurately without
using a hollow-shaft encoder or an intervening belt. The
absolute angle of the joint was acquired from the encoder
attached to the servomotor.
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Housing B
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Fig. 3 Series elastic actuator (SEA) for arm joint
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D. Electrification of Boom, Arm, and Bucket joint

The boom, arm, and bucket joints of conventional
excavators are driven by hydraulic cylinders. Considering the
use of an electric actuator to replace a hydraulic cylinder, a
typical method involves employing a link mechanism with an
electric cylinder that preserves the same configuration [18].
However, the use of an electric cylinder leads to two issues:
poor mountability owing to the increased size and weight
caused by the ball screw, and reduced movement speed. In
this study, a combination of a high-revolution servomotor and
high-reduction-ratio gear, which has a proven track record in
industrial robot applications, is used to realize a large output
in a compact form, thereby solving difficult of installation.
This method also enables higher movement speeds than those
of conventional models. As shown in Fig. 3(b), the arm joints
are directly attached to the joints. A precision reduction gear
with low backlash and two-stage reduction through an
orthogonal hypoid gear was used to achieve compactness and
a high reduction ratio. The servomotor capacity was selected
based on the workload data of a conventional excavator.

III. PROTOTYPE DEVELOPMENT

A. Prototype Overview

For this study, a YANMAR ViO25 2.5-T class mini
excavator [19] was modified as a prototype for implementing
the SEA and testing its performance. An overview of the
prototype is illustrated in Fig. 4. The engine and cabin were
replaced with a lithium-ion battery. The traveling motor,
turning motor, and blade cylinder were driven by hydraulic
pressure, and the hydraulic pump was driven by an electric
motor. Three joints (boom, arm, and bucket) were electrically
driven using a servomotor and reduction gear. The
specifications are presented in Table 1. For safety function, an
emergency stop switch was provided to remotely shut off the
power supply.

B. Electrified Joints with SEA

We applied the proposed SEA to the boom and arm joints,
but electrified only the bucket joint (Fig. 5). The spring
constants of the EE are set to 2,060 and 909 Nm/° for the boom
and arm shafts respectively, to accommodate the external force

when the bucket tip impacts the ground with the arms extended.

Fig. 4 Prototype overview

Table 1 Specifications of the prototype

Parameter [SI unit] (ZE)EC-?I'V;;C;;)

Operating weight [kg] 3,500 2,500
Maximum digging force [kN]  Bucket 1.2 231
Lifting capacity [kg] Load weight 209 200
Boom 135 133
Range [°] Arm 210 106
Bucket 186 182

Fig. 5 Prototype installed with SEA-powered boom and arm.
The allowable torque of the boom shaft was approximately
7,200 Nm, which is equivalent to approximately twice the load
torque based on the actual measurement data during
excavation.

C. Control System

An overview of the control architecture is presented in Fig.
6. In the experiments, a human operator controlled the
prototype using a remote controller. The velocity commands
for each joint or the target reaction force commands for the
bucket tip were input to the controller. The target motor
velocity v, and torque feedforward command T,; were input
to the servo amplifier (Servo Amp.). Angle 6, of each motor
was measured by an encoder embedded in the motor and was
input to the Servo Amp. and controller. For the boom and arm
joint, the angle difference §8 of the input and output axes of
the mounted EE was measured by the encoder and was input
to the controller.

The control system (Fig. 7) consisted of two control loops,
namely force and position control loops, and was equipped
with an estimator of the reaction force required for force
control. The estimator first calculated the torque applied to the
joint using the measured spring displacement, subtracted the
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Fig. 6 Overview of control architecture
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Fig. 7 Layout of control system
dynamics and gravity terms from the estimated boom and arm-
joint torques, and then estimated the bucket-tip reaction force
using inverse kinematics.

The joint torque can be estimated from the spring constant
and displacement. However, the SEA exhibited hysteresis
characteristics between the spring displacement measured by
the EE and torque. Therefore, a model was developed around
these characteristics, and torque was estimated based on this
model. Figure 8 depicts a block diagram of the torque
estimation. The block in the dashed line represents the model
estimations. The modeling was conducted based on time-
series data of the hysteresis characteristics. The torque was
estimated from the calculation of spring force T, [Nm], which
is the spring displacement § [°] acquired by the encoder
multiplied by the spring constant and adding the torque
hysteresis T, [Nm], which is the displacement hysteresis
amount &y, [°] multiplied by the transition characteristic kj,
[Nm/deg] between hysteresis. The estimated torque value T,
[Nm] was calculated by multiplying the amount of torque
hysteresis T, [Nm] by the characteristic K, [Nm/°]. Here, K}
was estimated from the width of the hysteresis curve.

The force controller transmitted a command to the bucket-
tip speed in order to follow the reaction force estimate to the
target force. To prevent the vibration of the bucket tip around
the target force value of 0 N, a dead band was provided to
control the deviation of the reaction force.

The position controller calculated the bucket-tip position
according to the velocity command transmitted by the force
and remote controllers and output the angular velocity
command v, and torque feedforward command T, for each
joint such that the bucket-tip position followed. The
magnitudes of gravity and dynamic compensation were
calculated as torque feedforward commands. In addition,
vibration-suppression compensation was applied to the target
joint angles to suppress the vibration of the springs mounted
on the boom and arm joints. Vibration-damping compensation
was achieved by controlling the motor like damper to dissipate
the energy of spring. In detail, the compensation dampened the
vibration by correcting the target joint angles such that the

Hysteresis model

Fig. 8 Block diagram of torque estimation

target position of the spring origin was back-driven according
to the magnitude of spring extension and contraction. This
magnitude was calculated as the difference between the
reference spring displacement and the measured spring
displacement using the bucket-tip reaction force command and
gravity-compensation torque at each joint.

IV. EXPERIMENTAL RESULTS
A. Experimental Validation

The performance of the SEA installed on the prototype was

assessed by evaluating its force-control accuracy. We set up
the test environment with load cells, as depicted in Fig. 9.
Figure 10 illustrates the results of the control in which a load
cell is placed on the floor and the bucket tip is pressed against
it with a target force input prior to the experiment. The results
confirmed that the proposed system could perform to a control
accuracy of approximately 15 N.

To evaluate the manual work maneuver, the results of tests
conducted with three different maneuvers are described in the
next section: lifting assistance, aligning the U-shaped drain,
and placing panels on the wall.

B. Lifting Assist

A heavy object handling-assistance function was
implemented as a task using force control. This function
compensated for the weight of heavy objects and moves them
in the direction of the force applied by the operator. This
function enables possible a single worker to perform tasks that
were previously performed by several workers, including the
worker positioning the material manually and the operator

Fig. 9 Test environment for validation test
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Fig. 10 Validation test results
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controlling the machine. In this test, the weight of the heavy
materials was input in advance assuming that the weight of the
materials was known. The test maneuver is illustrated in Fig.
11, and the results are shown in Fig. 12. Because the force
control dead-band width was set to 30N, the machine follows
the worker when the operator applies a force of 35 N or more.
The accuracy of the force estimation depends on the dead-band
width, which in turn depends on the hysteresis characteristics
of the SEA. Improvement of the mechanism to reduce the
hysteresis for an operational feel is a future direction of this
research.

C. Aligning U-shaped Drain

The test in the previous section was extended by replacing
the bucket with an attachment that could grip the U-shaped
drain rigidly, allowing the machine to lay the drain directly
(Fig. 13). In this test (Fig. 14), a U-shaped drain was placed
on the ground and the machine over another adjacent U-
shaped drain while applying a constant target force on the
ground surface. In this test, the dead-band value was set to 10
N. The test results are shown in Fig. 15. As the surface was
moved in alignment with the ground, control was achieved
with an accuracy of approximately 15 N, confirming that the
system could be deployed in actual work.

D. Attachment of Panels on Walls

The implementation of force control should enable the
application of architecture equipment. To demonstrate the
working of this design, we conducted a test with the task for
the machine was to a panel on the wall. Accordingly, a tool
for gripping the panel was fabricated following the same
procedure as installing the U-shaped drain (Fig. 16). Figure
17 illustrates the test maneuver for attaching the panel. This
function also enable a single worker to perform tasks that
were previously performed by several workers, similar to
previous tests. The test results are shown in Fig. 18 and 19.
The Y-axis represents the vertical direction, the X-axis the
front-back direction. Force control could be performed in

each both directions, enabling the panel-attachment operation.

The panel was first pressed against the wall. Then, while
maintaining a certain reaction force, the wall surface was
flattened, and the panel was inserted into the panel holder at
the bottom. The results confirmed that panel fitting could be
performed to an accuracy of approximately 35 N.

V. CONCLUSION AND OUTLOOK

This paper proposes a novel large-scale SEA system for
excavators to perform manual work using force control. To
evaluate the operation, the developed SEA was mounted on a

Fig. 11 Test maneuver for lifting assist
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Fig. 14 Test maneuver for U-shaped drain alignment
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Fig. 16 Panel attachment

prototype modified based on a 2.5-T class excavator. Three
manual work maneuvers were performed using the force-
control function, and the test results demonstrated a control
accuracy of approximately 15-35 N. A large-scale SEA with
a large output that can be applied to excavators is
unprecedented worldwide. It has also demonstrated
acceptable performance to compensate for labor shortages.
We demonstrated its use in an excavator that as a force control
method to perform most of the work in a task with the
guidance of a single worker, which would otherwise require
multiple workers. conventionally performed by multiple
workers, but now performed by a single worker. We shall
further automate construction work by using sensors and
force controllers to partially automate manual work.

The proposed system has three degrees of freedom (boom,
arm, and bucket), which are insufficient for practical
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Fig. 19 Test results for placing of a panel in the Y direction
applications. Other necessary DOF and system extensions are
the subjects of future research. In addition, the response to
impact when subjected to an unexpected external force is a
future research direction, as we have not yet quantitatively
evaluated.

Regarding future developments, the proposed SEA is a
general-purpose actuator that can be used for various
applications. Further improvements in accuracy and
simplification of the mechanism should be considered for a
wider range of applications.
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