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ABSTRACT

Gait cycle plays a major role in human locomotion. Patients with neuromuscular problems are
unable to walk normally. Foot drop causes difficulty in lifting the front part of the foot and affects
the dorsiflexion (DF) and plantar flexion (PF) motion of the foot. Patient with foot drop must
use ankle braces to achieve a normal gait. The existing ankle-foot orthosis (AFO) has its own
limitations, as it does not produce adequate PF motion. To overcome this scenario, a study was
conducted to analyse the two-degrees-of-freedom (DOF) motion of a robotic ankle foot orthosis
(RAFO) with a spring-based series elastic actuator (SEA) and scissor actuator. The objective of
this paper is to evaluate the two DOF of RAFO with two different actuators using simscape mul-
tibody. The RAFO with actuators were designed using Solidworks, and simulation was carried
out using simscape multibody, to analyse the 2-DOF motion. The dynamic motion analysis was
carried out using block libraries, bodies, joints, constraints, revolute joints, sensors and a pro-
portional integral (PI) controller. From the simulation results, the total range of motion (ROM)
40° (PF angle of —25° and DF angle of 15°) is achieved by the proposed RAFO with different
actuators. Further, based on the results, the input power consumption of spring-based SEA was
found to be less than the scissor actuator. Similarly, torque and output power generation of the
scissor actuator was found to be greater than spring-based SEA to achieve the normal human
ROM. Hence, the designer can choose a hybrid actuator for foot-drop-disorder applications.

KEYWORDS
robotic ankle-foot orthosis, dynamic motion, spring-based SEA, scissor actuator, dorsiflexion
and plantar flexion motion

1  INTRODUCTION

The ankle joint plays a major role in human locomotion by providing two degrees
of freedom (DOF), namely plantar flexion (PF) and dorsiflexion (DF) motion in the sag-
ittal plane, as shown in Figure 1. The ankle and the actual ankle-foot orthosis (AAFO)
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range of motion (ROM) are illustrated in Table 1. Due to ageing, trauma and neuro-
muscular disorder, the ankle muscles shrink and becomes weak, which leads to foot
drop. Persons with stroke usually exhibit an inability in producing sufficient ankle
PF and DF motion. Persons with impaired movement in the ankle joint, including
foot drop, can get benefit from the use of an ankle-foot orthosis (AFO) [1-3]. Active
and passive types of AFO are available on the market. A passive AFO is integrated
with shank, foot and hinges. In a passive AFO, PF motion is limited due to insufficient
energy to lift the foot. In recent research, the passive AFOs have evolved into AAFO
by applying torque to the ankle joint to achieve a normal gait pattern and also allow
the foot to perform both DF and PF motions [4-6]. A wearable AFO has been used
to assist the lower body and help with gait rehabilitation in a variety of studies [7].
Through specific mechanisms, an AFO can regulate movement with specified
degrees of freedom. It is possible to perform and support more complex motions
using robotics to address lower limbs and ankles. A robotic ankle orthosis can assist
the user in regaining full ankle mobility and control during all phases of the gait
cycle. In order to improve ankle stability, rehabilitation robotics can be used in sev-
eral ways, but many of these methods are very labour intensive.

AAFOs with direct-drive actuation systems are large and impractical. Hence differ-
ent actuation techniques have been suggested to lower the peak input power of the
actuator. The well-known series elastic actuator (SEA) principle and its development
into the variable stiffness actuator (VSA) are used in current actuator designs. A DC
motor and compliant SEA link produce torque at the ankle joint. Based on the properties
of the complaint link and the lever arm in a SEA, the applied force and torque can be
calculated by inferring the displacement of a compliant link. The SEA configurations in
AAFO design can reduce an AAFO’s peak input power by 69% compared with the direct-
drive option. To maximize the stiffness, a linear spring is positioned between a slider
and crank, and other improvements are explained by Hollander et al [8]. The developed
AAFO prevents both foot drop and toe drag during the loading response. Most spatial
and temporal parameters were also improved [9]. An AAFO has also been developed
using an accurate gait-phase detection method to prevent foot drop and toe drag [10].

AAFO actuators have been successfully actuated by a discrete non-linear actuator
with reduced the complexity, size, and weight by eliminating lead screws [11].

Dorsiflexion f
£

Fig. 1. Movements of the ankle joint

International Journal of Online and Biomedical Engineering (iJOE) 157


https://online-journals.org/index.php/i-joe

Govindaraj and Doss

Table 1. Human ankle ROM, AAFO

Ankle Movement Human Walking Human (max) AAFO (max)
Plantar flexion motion 20° 50° 25°
Dorsiflexion motion 15° 20° 15°

Regenerative braking is the process where the applied force of a motor, absorbed
by the ankle joint, is stored as energy in the spring until it is required. Regenerative
braking has been accomplished using an SEA arrangement [12]. For a 65-kg user,
the AFO with SEA design can generate 50% of the ankle joint’s power at a mass
of 0.5 kg [13]. Convens et al. developed an actuator that combines a series elas-
tic actuator and a resettable overrunning clutch. This reduces the driving motor’s
peak power and energy consumption by removing the load from the motor and
storing energy in the spring during the stance phase [14]. Parallel elastic actuators
(PEASs) are used to decrease the load of the motor by placing the spring parallel
to the motor. The use of PEA and SEA in combination is used to lower peak input
power and energy, and this topic has been the subject of extensive research. By
employing an SEA and PEA combination, the peak mechanical input power was
reduced by 70% [15]. According to research by Liu et al.,, the use of a unidirectional
parallel spring reduces the peak input power by 74.3% when compared with the
direct-drive option. When a SEA is included, the peak power reduction further
increases by 0.08% [16].

Variable stiffness actuators are made to allow actuator stiffness to match the
needed output force/torque requirements. In comparison to the original SEA, VSA
is made use of several linkages, revolving discs, and springs. These arrangements
are more complicated than SEA [17]. In VSA, an ankle joint is attached to one of the
two links; both the springs are driven by linear springs. The difference between
the two links generates a torque. For a total weight of 1.5 kg, this design produces
25 Nm of torque. In unpowered ankle exoskeletons, barrel-based VSA is used, in
which fixed and rotating plates are attached with tensile springs. When the top
plate rotation increases, the stiffness decreases. To control accurately the swing
phase-to-toe contact, the authors proposed a design that varies the ankle joint stiff-
ness [18]. In VSA and SEA designs using a four-bar mechanism, the assistive torque
is applied using a slider-crank configuration. Whenever the driven and connecting
links are aligned, the crank-rocker four-bar mechanism reduces the torque of the
motor to zero [19].

An innovative AFO with two degrees of freedom has been developed [20]. Using
the geared five-bar spring system, a new actuator for active prosthetic foot was
developed. The series elastic with a geared five-bar (SGFB) actuator mimics the ankle
biomechanics and uses less electrical power than the SEA actuator for low ROM [21].
An SEA can be used to implement force and impedance control in a manner similar
to biological systems [22]. A scissor lift mechanism’s dynamic behaviour was simu-
lated using commercial software. In simulations, the design almost mimics a real-
time application, and the simulation data can also be used to improve the design
[9]. Three springs are used to form a variable gravity compensation mechanism for
scissor lifts. Adding springs to the motor that is used to lift the load can reduce its
torque requirement [23]. The results obtained for AAFO from a simscape multibody
encourages further research on various topics, such as creating a control system
for SEA. Impedance control of SEA was performed by adding a PID controller with
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various blocks [24]. An ankle-foot orthosis based on a platform of end effectors was
investigated for the rehabilitation of DF and PF of the ankle. Further, the PI showed
good performance with regard to torque control [25]. Matlab and Simulink software
was used to simulate the transient response of the research model using a PID con-
troller [26-27].

Based on the literature survey, it is understood that SEAs are widely used to con-
trol the AAFO orthotic joint stiffness and damping during PF and DF ankle motion
with low ROM. Also, VSA and PEA are used to control the motion of AAFOs.

2  MATERIAL AND METHODS

In this study, an RAFO is proposed with two different actuators, i.e., SEA and
scissor actuator. The proposed research work is carried out by modelling the RAFO
using solid works and the simulation is carried out with a simscape multibody to
evaluate 2-DOF motion DF and PE.

2.1 Conceptual design of different actuators of RAFO

The conceptual model of RAFO is carried out in two stages. In the first stage, the
standard AFO parameters are taken as reference and designed with the foot, shank,
hinges and strap. In the second stage two different actuators, spring-based SEA and
scissor actuators, are designed based on the standard AFO.

2.2 Design of spring-based SEA

A spring is used in the SEA because it mimics human locomotion by storing
the energy during DF and releasing it during PF motion. To regulate DF and PF
motion, the SEA is regulated by interfacing a DC motor and power supply. The
SEA consists of a DC motor, shaft, connector, ball screw, springs, lever and sliding
guides. This assembly is interfaced to an AFO, in which the rotating motion of
the ball screw is converted into the linear motion of foot. Hence, the stiffness of
the spring is directly associated with SEA mechanical impedance to obtain the
desired angular position as an output. The 3D model of RAFO with SEA is shown
in Figure 2a.

2.3 Design of scissor actuator

A scissor mechanism is to lift the heavy loads in the vertical direction. The scis-
sor actuator consists of a DC motor with shaft, ball screw, sliding guides, scissors
and lever. In this model, two types of scissors are employed in two sizes: a three-
hole flat plate and a two-hole flat plate, respectively. The scissor actuator is inter-
faced with the AFO. The 3D model of the RAFO with scissor actuator is shown in
Figure 2b.
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1 DC motor, 2 connector, 3 shank, 4 spring, 5 ball screw, 6 foot, 7 lever, 8 scissor

Fig. 2. 3D model of RAFO with (a) spring (b) scissor

2.4 Physical modelling of RAFO

The individual parts of solidworks models are imported to simulink as an XML
file and the Sim mechanics components are used for physical modelling. The model
is designed for mechanical systems with joints, linkages, rigid bodies, forces and
torques. Similarly, using block libraries, constraints, sensors and actuators are mod-
elled. These libraries have building blocks that describe mechanical systems with
any number of rigid bodies and joints that can be used to represent translational
and rotational degrees of freedom.

2.5 Motion analysis of RAFO with different actuators

Ankle motion analysis is carried out using a simscape multibody. The correspond-
ing parameters, such as PF and DF angles, input power consumption, torque and
power generation, are observed. Based on the requirements, the exact mechanical
structures, electrical motors and control systems required for the motion of RAFO
are identified. In this research work, a proportional integral (PI)-based feedback con-
troller is used to control the ankle motion of RAFO with respect to set point values KP
and KI, which are values to reduce PF and DF angular positions error.

RAFO with spring-based series elastic actuator. The PI controller supplies
the input voltage to the DC motor based on the set point values KP and KI (normal
human PF angle of -25° and DF angle of 15°). According to the input voltage, the
DC motor rotates the ball screw. Based on the rotation of the ball screw, the slid-
ing guides move up and down and achieve linear motion either by compressing
or expanding the springs. The linear motion of sliding guides develops a force over
the lever, which moves the lever up or down. Finally, the movement of the lever
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controls the dynamic motion of the foot. The ankle motion of RAFO with spring-
based SEA is visualised in terms of animation through mechanics explorer, as illus-
trated in Figure 3.

RAFO with scissor actuator. The components of the scissor actuator are the
same as spring-based SEA, except the springs are replaced by a scissor mechanism
to control the ankle motion. The scissors are placed over static and sliding guides.
The movement of sliding guides with a scissor mechanism is used to produce linear
motion. Similarly, the force acting on the lever is used to lift upward or downward,
as shown in Figure 4.

Mechanics Explorer-with_spring

¥ with_spring I
8%’ Foot_and_Shank |
# % Motor_and_Ball_Screw

8% Part_01_1_RIGID

8% rod_1_RIGID
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8% Subsystem

[ AechanismConfiguration

E d

B " Revolute
B ‘ Revolute1
g \fﬂ Transform
>

(@ Ee) @)  1x —— 1imee0

Fig. 3. Spring-hased SEA in mechanics explorer
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%7 Motor_and_Ball_Screw
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E2) 3 World

%, Transform

& 75 Transform_Sensor
H-Connection Frames
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Fig. 4. Scissor actuator in mechanics explorer

3  RESULTS AND DISCUSSION

Figures 5 and 6 represents the block diagrams of RAFO with a spring-based
SEA and scissor actuator developed using simscape multibody. The simulations are
carried out for the proposed RAFO actuators, and the required PF and DF angles
are obtained for the given set point values, as shown in Table 2. The dynamic
motion of RAFO with various actuators is observed in mechanical explorer, and the
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corresponding parameters of the ankle motion are viewed graphically using the
scope, as shown in Figures 7 and 8, respectively.
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Fig. 5. Simscape multibody model of RAFO with spring-based SEA
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Fig. 6. Simscape multibody model of RAFO with scissor actuator
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The simulation of RAFO with spring-based SEA and scissor actuator is conducted
based on set point values of PF and DF ankle motion. A PI controller is used to con-
trol the ankle motion by tuning KP and KI values randomly, and the corresponding
values are shown in Table 2. The desired values of PF and DF ankle motion for
spring-based SEA are achieved by tuning KP and KI value as -4 and -1.5, and for
scissor actuator values as -3 and —1.5, respectively.

Table 2. Simulation results of RAFO with different actuators

RA.FO i Plantar-Flexion Dorsiflexion Input Power Torque Power PIgain
féfff:&‘;ts (deg) (deg)  Consumption(W) (Nm) (W) -

-18 22 72 ~15t06 245 |1 |1

-25 18 72 -15t06 245 |-15|-1

~24 17 72 ~15t06 245 |2 |1

Spri%gE'iased 24 16 72 15106 | 245 |-25|-1
-25 155 72 -15t06 245 |-3 |-15
-25 155 72 -15t06 245 |-35|-15
-25 15 72 -15t06 245 |-4 |-15

-27 17 96 -12t0115| 46 |-1 |1

-25 16 96 -12t0115| 46 |-15|-1

Scissor ~24 16 96 -12t0115| 46 [-2 |-
actuator —245 16 96 -12t0115| 46 |-2 |-15
~245 155 96 -12t0115| 46 |-25|-15
25 15 96 -12t0115| 46 |-3 |-15

T
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Fig. 7. PF/DF motion versus time for RAFO with spring-based SEA
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Fig. 8. Ankle motion versus time for RAFO with scissor actuator
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From the simulation results, the total ROM of 40° (PF angle of —25° and DF angle
of 15°) is achieved by the proposed RAFO with different actuators. The input power
consumption, torque generation and power generation of the spring-based SEA
actuator is found to be found to be 72 W, 7.5 Nm and 24.5 W. Similarly for scissor
actuator the values are found to be 96 W, 12.7 Nm, and 46 W. Figures 9, 10 and 11
compare the spring-based SEA and scissor actuators with respect to input power
consumption, torque and output power to achieve DF and PF ankle motion.

120

100

o
I3

Input power consumption Watts

96
72
60
40
20
0

Spring based SEA Scissor actuator

Fig. 9. Input power consumption by spring-based SEA and scissor actuator
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Fig. 10. Torque generated by spring-based SEA and scissor actuator
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46

24.5

Power (Watts)
b

Spring - SEA Scissor - actuator

Fig. 11. Power generated by spring-hased SEA and scissor actuator

4  CONCLUSION

In this research work, a comparative study is conducted over the performance of
RAFO with spring-based SEA and scissor actuators. Based on the simulation results
the followings points are concluded,

1. Both RAFOs achieve the normal ROM of the human ankle, i.e., PF motion of 20°
and DF motion of 15°.

2. The input power consumption for the spring-based SEA is 33% lesser than for
the scissor actuator.

3. The torque produced on the scissor actuator is 69% greater than on the spring-
based SEA.

4. The power generated across the scissor actuator is 88% greater than across the
spring-based SEA.

This study indicates that the torque and the power generated by the scissor actu-
ator are higher than by the spring-based SEA, but the input power consumption
for the scissor actuator is higher than for the spring-based SEA. Based on the above
results a RAFO with hybrid actuator (spring with scissor) is proposed in order to
reduce the input power consumption and increase the torque and power generation
across ankle.
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