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Abstract: In this paper, a back-drivable and miniature rotary series elastic actuator (RSEA) is proposed
for robotic adaptive grasping. A compact arc grooves design has been proposed to effectively reduce
the dimension of the RSEA system. The elastic elements could be reliably embedded in the arc
grooves without any additional installation structures. The whole RSEA system is characterized as
compact, miniature, and modular. The actuating force is controlled via a PI controller by tracking
the deformation trajectory of the elastic elements. An underactuated finger mechanism has been
adopted to investigate the effectiveness of the RSEA in robotic adaptive grasping. Results reveal
that the underactuated finger mechanism could achieve adaptive grasping via the RSEA in a back-
drive approach without the requirement of a fingertip force sensor. The RSEA could also exhibit
an actuating compliance and a self-sensing characteristic. The actuating compliance characteristic
helps in in guaranteeing the safety of human-robot interaction. The RSEA could estimate the external
disturbance due to its self-sensing characteristic, which has the potential to replace the fingertip force
sensor in grasping force perception applications.

Keywords: robotic grasping; actuator; series elastic actuating; adaptive grasping

1. Introduction

Robotic gripper is a fundamental component of the robot which helps it achieve grasp-
ing operations and it has a broad application background in agricultural picking [1-3], food
packing [4-7] and minimally invasive surgery [8-10]. Safety, adaptability, easy actuation
and control are the essential requirements for the robotic gripper [11-14]. One of the impor-
tant aspects to fulfil these aforementioned requirements is grasping force control. Through
grasping force control, the robotic gripper could grasp the object in an adaptive, stable and
non-destructive manner [15-17].

At present, there exists three main approaches to achieve grasping force control: motor
torque control [18], pneumatic actuator [19,20], and series elastic actuating technology [16,17].
Combined with the fingertip force sensor, the motor torque control method could directly
achieve grasping force control [21-23]. However, this method could increase the difficulty of
wire routing. Furthermore, large number of the sensor could significantly increase the control
complexity of the gripper. Pneumatic actuation has been proven to be effective in force control
of robotic grippers [20]. The grasping force could be controlled by calibrating its relation with
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respect to the actuating pressure. However, due to the nonlinear hysteresis characteristic
of the pneumatic actuator, the relation between the grasping force and actuating pressure
could be time-varying, thereby making it difficult to identify [24,25]. From the perspective of
force sensing and actuating, the series elastic actuating approach is more suitable for robotic
grasping. Compared to the pneumatic actuator, the stiffness of the SEA is relatively constant,
which is advantageous for control modeling. Series elastic actuator (SEA) generally refers to
introducing an elastic element between the rigid actuator and final output mechanism. On
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one hand, the SEA have an inherent actuating compliance due to the existence of the elastic
element in the transmission link. Therefore, the grasping safety could be easily guaranteed [15].
On the other hand, the external force which exists in the actuating link could be precepted by
the SEA without the requirement of the fingertip sensor.

Taking into consideration the simplicity, compactness, and safety requirement of the
robotic gripper, we present a rotary series elastic actuator (RSEA) which could actuate the
robotic gripper in a back-drive approach. Currently, the series elastic actuator is mainly
applied to legged robots [26,27], cooperative robot joint [28,29] and knee joint assistive
systems [30-32]. In these applications, the series elastic actuator research focuses on the
instantaneous high power output ability. According to the existing literature, there are few
reports on the studies about the series elastic actuator in robotic gripper or hand. For the
robotic gripper or hand applications, the series elastic actuator research will focus on the
aspects of actuating compliance, external force sensing and control performance [17]. In our
previous work [17], a linear series elastic actuator (LSEA) has been developed and applied
to the anthropomorphic and underactuated grasping system [16]. Results reveal that the
SEA-actuated grasping system could significantly reduce the control overshoot and obtain
an ideal grasping effect. Inspired by our previous work, we are motivated to develop
a rotary-type SEA to provide a novel view of developing rotary series elastic actuator
for the robotic community. In the present study, the proposed RSEA is characterized as
compact, and modular, which could effectively reduce the integrating difficulty of the
robotic grasping system. The grasping adaptability and safety could be achieved via the
RSEA in a feedforward way without the requirement of a fingertip force sensor. This could
further reduce the mechanical and control complexity of the robotic grasping system.

The rest of this paper is organized as follows: In Section 2, the design considerations
and force control strategy are introduced. Section 3 presents the experimental results and
its discussion. Conclusions are presented in Section 4.

2. Design and Control Methods
2.1. Mechanical Design

The proposed miniature compact RSEA is displayed in Figure 1. The RSEA is mainly
composed of micro servo motor, driving flange, output flange, encoder, and linear springs.
The driving flange is mounted on the output shaft of the micro servo motor to actuate the
output flange. Two linear springs are designed between the driving flange and output
flange to transmit the rotation motion in an elastic manner. The two springs are embedded
in the arc grooves of the driving flange and output flange, as shown in Figure 2a. The
driving flange and the output flange are assembled by a thin-walled bearing to ensure that
they are concentric. As the driving flange and output flange rotate relatively, the springs
will be compressed and produce a resilience. In this way, driving torque of the driving
flange will be transmitted to the output flange elastically. The driving torque is a function
of the relative rotation angle between the driving flange and output flange. The relative
rotation angle can be measured via a rotary encoder embedded on the surface of the output
flange. An output swing arm and wire wheel are designed on the output flange for the
convenience of subsequent experimental research.

As depicted in Figure 2a,b, two arc grooves are symmetrically designed on the driving
and output flanges to achieve bidirectional actuating. Each arc groove contains a limit
surface pair, those are a&b, c&d, A&B, and C&D, respectively. Limit surface pairs a&b and
c&d belong to the driving flange, while A&B and C&D belong to the output flange. Under
the action of the spring’s resilience, limit surface A and a, Band b, C and ¢, and D and d
will align automatically. As an external load F, is applied to the output flange, a relative
angular offset 6. will appear between the driving flange and output flange. When the
output flange is actuated to rotate clockwise with respect to the input flange, two springs
will be compressed by limiting surfaces a&B and c&D. In the same way, two springs will
be compressed by limiting surfaces A&b and Cé&d as the output flange rotates counter
clockwise. Due to the arc grooves, the axial size from driving flange to the output flange
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of the RSEA can be effectively reduced, which is 11.5 mm in the presented design. As
shown in Figure 2a, the springs could be embedded in the arc grooves reliably without
any additional installation structures. It should be noted that the groove needs to be
filled with an appropriate amount of lubricating grease before the assembly. In this way,
the effect of the friction between the springs and the groove on the final force control
could be significantly reduced. Thus, the whole RSEA system could achieve simplicity
and compactness which will be sufficient for the applications in robotics, such as robotic
hand. Finally, the overall dimension, weight and maximum driving torque of the RSEA
are 42.5 mm X 34 mm x 62 mm, 85 g and 2 Nm, respectively. It is worth noting that for
the proposed RSEA configuration, its dimension could be further reduced. However, this
could lead to the decrement of the peak torque. The RSEA prototype design in this study is
a balance between the dimension and actuating ability.

Encoder

Output flange
Driving flange

Micro servo motor

Figure 1. 3D CAD illustration of the RSEA system.
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Figure 2. Actuating principle of the RSEA. (a) Arc grooves design. (b) Principle of torque transfer.
(c) Torque and spring deformation analysis.

According to the relative angular offset 6., the output torque T, of the output flange
could be given as,
T, = 2k”s(lso — 1500 + 7’590) 1)

where, k, s and Is, denote the spring stiffness, radius of the spring centerline and spring
original length, respectively. 8, denotes the angle of the arc grooves of the driving flange
and output flange. It should be noted that spring stiffness k is unknown for its bending
deformation. In addition, the spring deformation characteristic could be further affected
by the friction between the springs and the groove. To address this problem, the groove
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needs to be filled with an appropriate amount of lubricating grease before the assembly.
In this way, the effect of the friction between the springs and the groove on the final force
control could be significantly reduced, and the tangential force from the spring becomes a
negligible item. In the present study, the tangential force is neglected. From Equation (1) it
is found that the torque output characteristics of the RSEA could be modified by different
spring stiffness k and original length Is,. When RSEA move to its original state, 6. = 0,
Equation (1) becomes,

Toi = 2krs(lso — 1560) (2)

where, T,; denotes the initial output torque of the RSEA under the action of spring pre-
pressure. Itindicates that Iso > 756, should be fulfilled to guarantee a positive Ty;, otherwise
the original state of the RSEA will be unstable. Generally, a larger 5, and k could achieve a
larger initial output torque T;.

2.2. Model Identification and Control

According to Equation (1), a target output torque T, could be controlled by tracking
6. To obtain the relation between the output torque T, and the relative rotation angle 6,
a model identification experiment has been conducted, as shown in Figure 3. As output
flange rotates clockwise and contact with the Y-type contact of the force gauge, its rotation
will be limited by the Y-type contact and apply a horizontal force F, to the force gauge,
see Figure 3a. In this way, F, could be measured by the force gauge directly. Then, the
output torque T, could be obtained as T, = Fyr,, as illustrated in Figure 2c. In experimental
tests, the loading and unloading process has been repeated for three rounds to observe
the hysteresis and the repeatability characteristics of the SEA system. The relative rotation
angle 6. between the driving flange and output flange is measured via the rotary encoder
which is embedded on the surface of the output flange, as depicted in Figure 1.

(a) Pinshaft Contact Force (b)

Figure 3. Experimental platform to measure the actuating force of the SEA system. (a) Unloading
state. (b) Loading state.

The polynomial model has been adopted to design the relation between F, and 0..
Two error variables, ||Er||, and ||Eg||,, have been utilized to evaluate the fitting accuracy of
the relation between F, and 60.. Here, EF = E, — F, and Ey = éc — 6. Generally, the smaller
IIEF||, and ||Eg||, denote a better fitting accuracy of the F, and 6., respectively. ||Eg||, and
[|Eg||,, with respect to different model order n ranges from 1 to 10, have been computed
and plotted in Figure 4a. From Figure 4a, it could be observed that the decrement in || Ef||,
and ||Eg||, is relatively small as the model order n increases. Taking into consideration the
fitting accuracy and computing cost, first and second-order approximate models have been
adopted for F, and 6., respectively, as

F, = 0.15546, — 0.4165 (3)

0 = —0.3374F2 + 7.5118F, + 3.5238 (4)
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Figure 4. Model identification of F, and 6,. (a) Fitting error ||Ef||, and || Eg||, with respect to different
model order . (b) Comparison between fo and F,. (c) Comparison between §C and 6,.

The identified F, and 6, are compared to the experimental response in Figure 4b,c,
respectively. From Figure 4b,c it could be observed that the experimental relation between
F, and 6, exhibits a hysteresis characteristic. Therefore, Equations (3) and (4) will have
certain approximate error over the whole range. The actuating force F, could be precepted
using Equation (3) and then measure .. Equation (4) could be utilized to generate the
tracking target 0, by a given target actuating force F,.

In the proposed RSEA, a micro servo motor is utilized to actuate the driving flange. A
PI controller is adopted to eliminate the tracking error of . as,

0, :~er + Kiesum

e=0.—10.;
e ©
Csum = Ze]
=1

where, 6, denotes the actuating angle of the driving flange. e denotes the tracking error
between the target springs deformation trajectory 6, and real-time springs deformation O
Subscript j represents the time series. K, and K; are proportional and integral constants
of the PI controller. In the present study, an optimal K, = 0.07 and K; = 0.005 have been
adopted via the trial-and-error method. During the trial-and-error process, we set K; = 0
at first and increase the Kj, gradually to accelerate the response of the actuating force to
obtain an ideal rising characteristic. And then the K; was gradually increased to reduce the
steady state error. It is worth noting that a PID controller could also achieve an equivalent
control effect as the PI controller. In control experiments, we found that the rotation speed
of the RSEA is relatively lower, and the D term of the PID controller could not significantly
improve the control performance of the RSEA but increase the difficulty of parameters
tuning. The I term of Equation (5) is helpful to eliminate the tracking error to a certain
extent. Therefore, the PI controller is more appropriate for the RSEA when compared to
the others.



Actuators 2023, 12, 267

6 of 12

3. Experimental Results and Discussion
3.1. Step Response

A step response experiment has been conducted to evaluate the step response char-
acteristic of the RSEA based on the experimental platform, as shown in Figure 3. In this
experiment, Equation (4) has been adopted to generate the tracking target 6 by substituting
F, with a certain target actuating force fr, and Equation (3) has been utilized to estimate
the actuating force F, by measuring the spring deformation 6.. Since the RSEA prototype is
3D-printed using polylactic acid (PLA) material, a larger actuating torque could lead to
the structure damage. Therefore, the step force control experiment is performed within
a lower level. In control test, we found that the actuating force has a dead zone of about
£1.2 N. In this range, the actuating force control is unstable. Taking into consideration
the above factors, the target actuating force is set as 2 N to 7 N. The step response of
the target actuating force tr range from 2 N to 7 N with an increment of 1 N have been
investigated experimentally, and the obtained step response are displayed in Figure 5.
From the response, it could be observed that the settling time of the force control is about
0.35 s for the different target actuating forces. The maximum steady-state error is about
0.15 N, and no overshoot occurs. To investigate the control accuracy of the RSEA system,
the control error and estimation error is defined as,

€con = ‘Fot;tp‘ x 100%
|Fo—F,| . ©
Cest = T x 100%

where, F, denotes the measured actuating force by force gauge. Taking into consideration
the force control repeatability, the step response experiment for each ¢ have been performed
for three times. The control error with respect to different fr is displayed in Table 1. It
could be observed that in producing smaller actuating force, the control error is relatively
larger. For a 2 N actuating force, the control error is about 20%. As the actuating force
increases, the control accuracy will be improved. However, for some points, such as 5 N,
the control error is still large. This phenomenon could be attributed to that the deformation
of the linear spring exhibiting an obvious hysteresis characteristic, as depicted in Figure 4b.
As a result, the model identification will inevitably yield an obvious modeling error and
lead to the control error. In future work, the stiffness of the linear spring should be
carefully evaluated.

Q

O

1, (N)

1 L 1 1 1
0.0 0.5 1.0 1.5 2.0
Time (s)

Figure 5. Control responses of the RSEA with respect to different actuating force.
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Table 1. Control accuracy analysis.
tF (N) Measured Po N) €con (%) Estimated ?0 (N) €con (%)

2 24 20 2.0 -16.7
3 3.0 3.3 2.8 —6.7
4 3.9 -25 3.8 —2.6
5 4.5 —-10 4.6 2.2

6 5.6 -6.7 5.5 -1.8
7 7.1 14 6.8 —4.2

For robotic grasping applications, adaptive interaction with the uncertain environment
is an essential requirement. To further investigate the response characteristic of the RSEA in
interacting with the external environment with uncertain stiffness, the rigid Y-type contact
of the force gauge has been replaced by an O-type rubber ring with hyper elasticity and
nonlinear deformation characteristics, as shown in Figure 6a. Since the O-type rubber
ring is more suitable to bear a tension force, therefore, the target actuating force in this
experiment is set as —2 N to —6 N, with an amplitude increment of —1 N. In this way, the
RSEA will apply a force to the O-type rubber ring horizontally to the left. It should be noted
that the main purpose of this experiment is to investigate the response characteristic of the
RSEA in interacting with the external environment with uncertain stiffness, rather than to
investigate the force control accuracy. The direction of the actuating force is time-varying
in this experiment. Some motion sequences of the interaction between RSEA and O-type
rubber ring is given in Figure 6a—f. The response of the actuating force is displayed in
Figure 6g. From the response, it could be observed that the actuating force of the RSEA
will experience three phases to achieve the final control steady state. In phases 1 and 3, the
actuating force response rapidly. While in phase 2, the RSEA will experience a short-term
steady state. This phenomenon is due to the deformation hysteresis characteristic of the
O-type rubber ring. After the end of phase 2, the deformation hysteresis disappears and the
RSEA will continue to respond rapidly and achieve the final steady state. From Figure 6g,
it could be observed that the settling time of each tr is about 2.27 s, 1.21s,1.59 s, 1.74 s
and 1.70 s, respectively, which is significantly longer than that of the rigid objects. From
the response of the actuating force, it could be observed that the RSEA could achieve final
steady state at different actuating force level. Above all, the O-type rubber ring loading
experiment could effectively simulate the response characteristic of the RSEA in interacting
with the external environment of uncertain stiffness. And the effectiveness of the force
controller could also be investigated.

3.2. Adaptive Grasping Experiment

A tendon-driven underactuated finger mechanism has been adopted as the grasping
mechanism to investigate the effectiveness of the miniature RSEA in adaptive grasping.
The finger mechanism is mainly composed of proximal phalange, middle phalange, distal
phalange, tension tape and tendon. The experimental platform is depicted in Figure 7.
Generally, a larger pre-tension force of the tension tape could increase the stiffness of the
finger mechanism. However, it requires a larger actuating force for the finger mechanism
to produce grasping motion and affect the peak value of the grasping force. Taking into
account the above considerations, the pre-tension force of the tension tape of the present
finger mechanism is designed as about 1.4 N by selecting an appropriate length of the
tension tape. In experiment, the tendon is actuated by the wire wheel which is mounted on
the RSEA output flange. As the wire wheel rotates counterclockwise, the tendon will be
tensioned and will actuate the finger mechanism to produce bending motion, which could
be utilized to achieve object grasping.
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Phase 1

Phase 2~
p— Phase 3~
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Figure 6. O-type rubber ring loading experiment. (a) Original state. (b—f) Steady state of the rubber

ring under different fr ranges from —2 N to —6 N. (g) Self-sensed response of the actuating force

under different ¢t ranges from —2 N to —6 N.

Modular SEA

Figure 7. Experimental setup for underactuated figure mechanism actuation.

For the grasping experiment, an elastic ball with a diameter of 55 mm has been adopted
as the grasping object. The corresponding grasping process is displayed in Figure 8 using
some typical motion sequences of the finger mechanism. In Figure 8b, the whole finger
structure rotates around the finger base. In Figure 8c, the motion of the proximal phalange
is blocked after it comes into contact with the grasping object, and the remaining phalanges
will continue to rotate around the proximal phalange as shown in Figure 8d. Subsequently,
the middle and distal phalange will come into contact with the grasping object in the same
way and achieve an equilibrium state under the action of the actuating force as shown in
Figure 8f. In Figure 8g-1, the target actuating force is set as 0 and the object is released from
the underactuated finger mechanism.
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Figure 8. Adaptive grasping process of the underactuated finger mechanism. (a—f) Object grasping
process. (g-1) Object releasing process.

Actuating force with different amplitudes, —5 N and —10 N, has been applied to the
underactuated finger mechanism to evaluate its effect on grasping performance. The final
grasping state of the different actuating force is compared in Figure 9a,b. The response
of the self-sensed actuating force is compared in Figure 9¢c. From Figure 9a,b, it could be
observed that for a 5 N actuating force, the proximal and middle phalanges will come
into contact with the grasping object. Since the distal phalange requires a larger actuating
force than that of the proximal and middle phalanges, therefore, the distal phalange have
not come into contact with the grasping object under this circumstance. On the other
hand, for a 10 N actuating force, all the three phalanges have come into contact with the
grasping object and achieve a better adaptive grasping state as depicted in Figure 9b. From
Figure 9¢, it could be observed that the settling times of —5 N and —10 N actuating force
are about 3.1 s and 1.2 s, respectively. It reveals that increase in the actuating force could
accelerate the grasping process to some extent. This phenomenon could be attributed
to the nonlinear bending motion characteristic of the underactuated finger mechanism.
The smaller actuating force control is more sensitive to the nonlinear disturbance of the
underactuated finger mechanism. The aforementioned grasping experiments reveal that
the proposed RSEA is suitable for adaptive grasping applications. The grasping strength of
the finger mechanism could be controlled via the RSEA in a back-drive approach without
the requirement of a fingertip force sensors. This could significantly reduce the complexity
of the finger mechanism. To further enhance the perception accuracy of the grasping force,
a refined kinematic or dynamic model of the finger mechanism is essential to compensate
for the influences of the grasping state; this requires further in-depth research efforts.

An interactive experiment between RSEA actuated finger mechanism and human
finger has been conducted to investigate the adaptability and safety of the RSEA in the
robot-human interaction applications. In this experiment, a —5 N actuating force is utilized
to actuate the finger mechanism to move to a grasping state as shown in Figure 10a. The
corresponding response of the actuating force of the RSEA, which is obtained because
of its self-sensing ability, that is Equation (3), is displayed in Figure 10i, the green and
transparent area. Then, a series of unstructured human disturbance (in Figure 10i, the red
and transparent area) is applied to the finger mechanism which disturbs the force controller
of the RSEA system. As depicted in Figure 10b-e, the finger mechanism is forced by the
human finger to move to the original state passively. In this process, the RSEA exhibits a
compliant actuating characteristic. For the human-robot interactive grasping applications,
this characteristic is helpful to guarantee the safety of the human. In Figure 10f-h, the
external disturbance disappears and the finger mechanism moves to the grasping state
under the actuation of the RSEA. The corresponding response of the self-sensed actuating
force of the RSEA is displayed in Figure 10i, the blue and transparent area. Experimental
results further reveal that the external disturbance could be precepted via the RSEA in a
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back-drive manner, which has the potential to replace the fingertip force sensor in grasping
force perception applications.

—
[

Figure 9. Object grasping state under different actuating force. (a) Actuating force =5 N. (b) Actuating
force = 10 N. (c) Self-sensed actuating force under different control target.

Unstructured
12 L disturbance

0 10 20 30 40
Time (s)
Figure 10. Interaction with a human hand. (a-h) Motion sequences of the interaction. (i) Actuating
force response.

4. Conclusions

In this paper, a miniature compact RSEA is presented for robotic adaptive grasping
applications. An arc grooves design is proposed to effectively reduce the dimension of
the RSEA system. The springs could be embedded reliably in the arc grooves without any
additional installation structures. In this way, the miniaturization and compactness of the
whole RSEA system could be adequately ensured for the robotic grasping applications.

An underactuated finger mechanism has been adopted to validate the effectiveness of
the RSEA in robotic adaptive grasping. The underactuated finger mechanism could achieve
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adaptive grasping via the RSEA in a back-drive approach without the requirement of a
fingertip force sensor. The grasping strength of the object could be controlled by different
actuating forces. For a certain grasping object, a larger actuating force could reduce the
settling time of the object grasping.

RSEA exhibits a compliant actuating characteristic. For the human-robot interactive
grasping applications, this characteristic is helpful to guarantee the human safety. In
addition, the external disturbance could be precepted via the RSEA because of its self-
sensing ability, which has the potential to replace the fingertip force sensors. To further
enhance the perception accuracy of the grasping force, a refined kinematic or dynamic
model of the finger mechanism is essential to compensate for the influences of the grasping
state; this requires further in-depth research efforts.
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