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Supernumerary Robotic Limbs
to Assist Human Walking With
Load Carriage

Walking with load carriage is a common requirement for individuals in many situations.
Legged exoskeletons can transfer the load weight to the ground with rigid-leg structures,
thus reducing the load weight borne by the human user. However, the inertia of paralleled
structures and the mechanical joint tend to disturb natural motions of human limbs, leading
to high-energy consumption. Different from exoskeletons, Supernumerary Robotic Limbs
(SuperLimbs) are kinematically independent of the human limbs, thus avoiding the physical
interference with the human limbs. In this paper, a SuperLimb system is proposed to assist
the human walking with load carriage. The system has two rigid robotic limbs, and each
robotic limb has four degrees-of-freedom (DOFs). The SuperLimbs can transfer the load
weight to the ground through the rigid structures, thus reducing the weight borne by the
human user. A hybrid control strategy is presented to assist the human as well as avoid dis-
turbing user’s natural motions. Motions of the SuperLimb system are generated autono-
mously to follow the gait of the human user. The gait synchronization is controlled by a
finite state machine, which uses inertial sensors to detect the human gait. Human
walking experiments are conducted to verify this concept. Experiments indicate that the
SuperLimbs can follow the human gait as well as distribute the load weight. Results
show that our SuperLimb system can reduce 85.7% of load weight borne by the human
when both robotic limbs support and 55.8% load weight on average. This study may
inspire the design of other wearable robots and may provide efficient solutions for
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1 Introduction

Walking with load carriage is a common requirement for individ-
uals in occupational and military activities. Firefighters and other
emergency workers use backpacks to carry equipment such as Self-
Contained Breathing Apparatuses (SCBA) [1]. Infantry soldiers
often carry heavy carriages and walk long distances. Wearable
robots such as exoskeletons can benefit people who engage in
load carrying. Lower-extremity exoskeletons have been developed
for several decades to enhance and assist human locomotion,
increasing the load capacity of users. Legged exoskeletons can
transfer the load weight to the ground by supporting the carriage
[2—-4]. Joint-level exoskeletons can apply assistive torques to the
joints, thus lowering the energy consumption of users in carrying
loads [5,6].

Although exoskeletons can benefit people in walking with car-
riages, some technological challenges are faced. According to struc-
tures, lower-extremity exoskeletons can be divided into two
categories: legged exoskeletons and joint-level exoskeletons.
Legged exoskeletons usually have rigid-leg structures paralleled
with human limbs to support carriages [2—4]. Leg structures can
transfer the load weight to the ground, thus reducing the weight
borne by the human user. However, the inertia and joints of rigid
legs tend to disturb natural motions of human limbs, which leads
to substantial extra energy consumption [5,7,8]. Joint-level exoskel-
etons only have structures fixed on target joints [5-7,9-11], which
can not support the load weight. To assist human walking with load
carriage, new mechanisms are needed to reduce the load weight
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borne by the user, as well as avoid the physical interference with
human limbs.

A novel form of wearable robot, Supernumerary Robotic Limbs
(SuperLimbs), was proposed in recent years [12-27]. Different
from exoskeletons, structures of SuperLimbs are kinematically
independent of the human limbs. Thus, SuperLimbs can avoid
physical interference problems of legged exoskeletons and
provide extra support without constraining human limbs [22].
Current researches on SuperLimbs include grasping or supporting
objects [12—16], supporting body [17-22], sitting/standing assis-
tance [23], and assisting stance transition [24,25]. Parietti et al. pro-
posed a SuperLimb system to support the human body when the
human worked in uncomfortable poses [22] and augment the
balance by increasing the area of the support polygon [21]. Treers
et al. demonstrated a SuperLimb prototype that could provide assis-
tant force in sitting/standing motions [23]. Gonzalez and Asada
designed a SuperLimb system that can assist human both in stand-
ing and crawling configurations [24,25]. To control SuperLimbs,
different control methods were proposed including Inertial Mea-
surement Units (IMU) control [16], EMG control [26], and
Brain—-Machine Interface (BMI) control [27]. These methods use
wearable sensors to recognize user’s commands to control
SuperLimbs.

Because of the independent structures, SuperLimbs are applica-
ble to assist the human walking with load carriage. They can use
rigid structures to distribute the load weight as well as avoid disturb-
ing natural motions of human limbs. However, to our knowledge,
no SuperLimb system has been demonstrated to assist human
loaded walking practically. Human walking is complex and rhyth-
mic, involving the coordination of the brain, nerves, and muscles to
generate the force necessary for locomotion [28,29]. Both the
mechanical design and the control strategy are technically challeng-
ing in this task. First, the SuperLimbs should have enough power to
assist the human user: output support force to support the load
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weight and have enough speed to follow the user’s gait. Second, the
SuperLimbs should generate motions autonomously without con-
scious commands from the human user, to avoid disturbing the
natural rhythm of walking.

In this paper, a SuperLimb system to assist human loaded
walking is proposed, as Fig. 1 shows. The system has two rigid
robotic limbs, and each robotic limb has four degrees-of-freedom
(DOFs). The SuperLimbs can transfer the load weight to the
ground through the rigid structures, thus reducing the weight
borne by the human user. A hybrid control strategy is presented
to avoid disturbing the user’s natural motions. Motions of the
SuperLimbs are generated autonomously to follow the gait of the
human user. The gait synchronization is realized by a finite state
machine, which uses foot-worn IMUs to measure the human gait.
Walking experiments are conducted to provide an initial proof of
this concept. Experiments indicate that the SuperLimb system can
follow the human gait as well as distribute the load weight. Com-
pared with the normal backpack, the SuperLimbs can reduce
85.7% load weight borne by the human when both robotic limbs
support, and 55.8% load weight on average.

In the following content, Sec. 2 introduces the mechanical design
of the SuperLimb system. Section 3 focuses on the gait synthesis
with the sensory control. The human walking experiment is con-
ducted to verify the concept in Sec. 4. Section 5 provides a
summary of this work and the outline of our plan in the future.

2 Mechanical Design

The mechanical design of the SuperLimb system is shown in
Fig. 2. The system consists of two robotic limbs and a backpack
base. The SuperLimb system bears the payload and transfers the
weight to the ground through the robotic limbs, thus reducing the
weight borne by the human user. Each robotic limb has four
DOFs: two rotational DOFs at the hip joint, one prismatic joint,
and one rotational DOF at the knee joint, as Fig. 2(a) shows. As

Fig. 1 Photos of the SuperLimb system worn by a participant:
(a) side view and (b) axonometric view. The SuperLimb system
contains two robotic limbs, which can distribute the carriage
weight through the structure, thus reducing the weight borne
by the participant. The robotic limbs are kinematically indepen-
dent of the participant’s limbs, avoiding the physical interference
with the human limbs.
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the primary objective of this SuperLimb system is to assist human
loaded walking, two functions are required for each robotic limb:
support the weight to reduce the load borne by the user and
swing to next stride to follow the human gait. Two rotational
DOFs at the hip as well as the prismatic joint allows the endpoint
of the robotic limb to reach an arbitrary position in space. The
knee joint can flex the robotic limb when the limb swings to the
next stride and can be locked when the limb supports the load
weight.

The side view of the backpack base design is shown in Fig. 2(b).
The backpack base consists of two main parts: the backpack and the
robot base, connecting each other with a force sensor and linear
slides. The robot base connected with two robotic limbs bears the
payload, and the backpack is worn by the human user. Thus, the
force sensor can measure the vertical interaction force between
the human user and the SuperLimbs, which approximately equals
the weight borne by the user. The objective of this design is to eval-
uate the performance of the SuperLimbs in Sec. 4.3.

Two rotational DOFs of the hip joint, actuated by Dynamixel
MX-64 (8.4 Nm, 165 g) and MX-106 (6 Nm, 165 g), intersect,
forming an equivalent ball-and-socket joint. The prismatic joint
allows the robotic limb to extend and retract, transferring the load
weight to the ground. As most of the load is borne in the longitudi-
nal direction of each robotic limb, axial forces coming from the
robotic limbs pass through the center of the equivalent
ball-and-socket joint and do not generate any torque. Thus, most
of the load weight is borne by the prismatic joint, and servomotors
of the hip joint are only used when the robotic limb swings to the
next stride.

As the prismatic joint needs to bear most of the load during
human walking, the joint should be able to output sufficient force
and move in moderate velocity. The detailed view of the prismatic
joint is shown in Fig. 2(c). The linear movement is implemented by
a belt and linear slide device. The torque of the motor (Maxon
EC-4pole30, 16,500 rpm, 200 W) is first amplified by a gearhead
(Maxon GP42C, reduction 4.3:1) fixed on the motor and is then
amplified by two belt devices with a 2:1 reduction. Finally, the
amplified torque actuates the linear movement of the prismatic
joint toward the belt and linear slide device. We do not use the
screw mechanism, because the high gear ratio of screw mechanism
would limit the linear velocity of the prismatic joint. The theoretical
maximum velocity of the prismatic joint can reach up to 104 cm/s.
In the practice, the maximum velocity we used is 20 cm/s for safety,
which can meet the requirement of following natural gait of the
human.

The mechanical design of the knee joint is shown in Fig. 2(d). This
joint has two basic functions: lock the joint when the robotic limb
bears the load and flex the limb when the limb swings. The knee
joint is implemented by a four-bar linkage actuated by a lightweight
servomotor (Dynamixel MX-28, 2.5 Nm, 72 g). When the robotic
limb contacts the ground, the servomotor rotates to the mechanical
dead-point of the four-bar linkage, locking the joint with small
torque. Thus, the load weight could be transferred on the ground
through the locked joint. When the robotic limb is off the ground
to swing to the next stride, the servomotor flexes the limb, preventing
the endpoint of the limb from touching the ground. It should be noted
that the retraction of the prismatic joint can realize a similar function
in level ground walking. However, the range of the prismatic joint is
not enough in stair climbing, which is one of our future plans. To
extend the flexibility in different road conditions, the knee joint is
designed with small additional mass.

Figure 2(e) shows the spring device at the end of the robotic limb.
According to Hooke’s law, the relationship between the force borne
by the robotic limb F and the compression of the spring Ax is F =
kAx, where k is the stiffness of the spring. Thus, the control of F' can
be transformed into the control of Ax by adjusting the length of
robotic limb, when the limb contacts the ground. Figure 3 shows
the diagram of the force control.F¢ is the desired force, and F” is
the real force measured by the force sensor at the end of robotic
limb. Ax, is the position error of the prismatic joint. The force
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Fig.2 3D model of the SuperLimb system. (a) DOFs of the SuperLimb system. The system contains two robotic limbs and a back-
pack base that bears the payload. Each robotic limb has four DOFs: two rotational DOFs at the hip joint, one prismatic joint and one
rotational DOF at the knee joint. (b) Side view of the SuperLimb base. The load weight borne by the human can be measured by the
force sensor, to evaluate the performance of the system. (c) View of the prismatic joint. The torque of the motor is first amplified by
two belt devices with a 2:1 gear ratio and then actuates the linear motion of the slider towards the belt and linear slide device. (d)
View of the knee joint. The lock state is implemented by the dead-point lock of the four-bar linkage, allowing the servomotor to lock

the joint with small torque. (e) Detailed view of the spring device at the end of the robotic limb.

error AF is transformed into Ax,, with a PI controller, and then is fed
into the position controller of the prismatic joint to adjust the length
of robotic limb. The position controller is implemented by a
PID controller by an Elmo controller (SOL-WHI10/60E03). The
function of the force control is tested by experiments shown in
Sec. 4.1.

To lower the weight of the system, the main frames use carbon
fiber tubes, and connection structures use the sheet-metal. Other
components of differential mechanisms are fabricated on the CNC
mill, made of aluminum alloy. The weight of the SuperLimb
system is 6.5 kg, including the structures, motors, and sensors.

Position Control

Fly AF[ 5 |Ax

Control

PID
Control

»{ Mechanism —>

Encoder

[y

Force Sensor

Fig. 3 Diagram of the force control of the prismatic joint. F? is
the desired force, and F" is the real force measured by the
force sensor at the end of robotic limb. The force error AF is
transformed into the position error Ax,, and then fed into the posi-
tion control of the prismatic joint.
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The SuperLimb system is a self-contained system with the control
box and the battery on itself, resulting in an additional weight of
2.2 kg.

3 Gait Control

Human walking is complex and rhythmic and involves the coor-
dination of the brain, nerves, and several muscles [28,29]. To assist
this task, on one hand, the SuperLimbs should output necessary
forces to distribute the load weight borne by the human user and
reduce unnecessary forces or torques that would constrain the
human motions. On the other hand, the SuperLimbs should
follow the walking rhythm and generate motions autonomously,
which avoids disturbing the walking rhythm. To achieve these
two targets, we first focus on the control strategy and then discuss
the gait generation of the SuperLimbs corresponding with the gait
of the human user. Finally, the gait synchronization is implemented
by a finite state machine with an IMU-based sensory control.

Figure 4 shows the diagram of the control strategy. When the
robotic limb is off the ground, position controls are used on all
joints to let the robotic limb swing to the next stride, thus following
the gait of the human user. When the robotic limb touches the
ground, the hip joints are switched to zero-torque mode, behaving
like a passive ball-and-socket joint. Most of the load weight is
borne by the structure and the prismatic joint. The force control is
used on the prismatic joint to let the limb retract and extend to
follow the movement of the user’s body, and a force is output
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Fig. 4 Diagrams of the hybrid control strategy. (a) Position
control strategy. Position controls are used on all joints of the
robotic limb, to let the limb swing to the target configuration.
(b) Force control strategy. When the robotic limb touches the
ground, the hip joint is switched to the zero-torque mode, behav-
ing as a passive joint. The knee joint is locked by the mechanical
dead point of the four-bar linkage. The force control is used on
the prismatic joint to distribute the load weight.

from the prismatic joint to support the load. The knee joint is locked
to transfer the weight to the ground. By the coordination of the hip
joint, the prismatic joint, and the knee joint, the robotic limb can dis-
tribute the weight borne by the user and avoid constraining the
user’s motion kinematically.

Figure 5 describes the gait cycle of the SuperLimbs. From the
toe-off to the heel-strike, the human leg is in the swing phase,
where the robotic limb works in the robotic-limb-swing mode. In
this mode, the robotic limb swings forward to the next stride, by
position control of the hip joint, the prismatic joint, and the knee
joint. Motions of the joints over the human gait are illustrated in
Fig. 5. Position trajectories of the joints are formulated by the
cubic spline interpolation. When all joints arrive, the robotic limb

Hip joint

Prl_sr_natlc\
joint

\

will maintain the configuration and wait for the heel-strike of the
human leg.

After the heel-strike, the human leg goes into the stance phase, and
the robotic limb switches into the touch-down mode. In this mode,
the robotic limb swings backward and extends its length, making
the endpoint touching the ground. Once the robotic limb touches
the ground, it switches into the robotic-limb-support mode. The
hip joint is switched into the zero-torque mode, and the load
weight is distributed by the prismatic joint whereby the force
control method. When the human leg goes into the next swing
phase, the mode is changed into the robotic-limb-swing mode again.

Gait phases of the two robotic limbs are shown in Fig. 6. Each
robotic limb follows the gait of the human leg on the ipsilateral
side. When the robotic limb works in the robotic-limb-support
mode, it can transfer the load weight to the ground through the pris-
matic joint, thus reducing the weight borne by the human. When
one robotic limb is in the robotic-limb-swing or the touch-down
mode, the load weight is distributed by the other robotic limb,
thus avoiding the human user bearing all the load.

To synchronize the gait of the SuperLimbs and the human user,
an IMU-based sensory control method is proposed. The diagram of
the sensory control is shown in Fig. 7. A finite state machine is used
to control the work mode of the robotic limb. The work mode will
be changed if the corresponding event, heel-strike, toe-off, and
robotic-limb-contact, is detected. The event of the
robotic-limb-contact will be detected if the output of the force
sensory exceeds the force threshold. Events of the heel-strike and
the toe-off are detected by the IMU worn on the user’s heel. The
heel-strike is detected with a threshold method on accelerometer
outputs, and the toe-off is detected as the minimal negative peak
of gyroscope outputs [30]. Besides the IMUs worn on the heel, a
third IMU fixed on the SuperLimb base is used to measure the
pitch angle of the base, compensating the sway of the user’s
body. It confirms that the robotic limb can reach the target config-
uration in the robotic-limb-swing mode.

4 Experiments

To verify the control method and the concept of SuperLimbs,
several experiments are carried out in this section, including force
control tests, walking tests, and load weight comparisons.
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Fig.5 Diagram of the SuperLimb gait cycle. During the swing phase of the human, the robotic-limb-swing mode is entered, where
the position control strategy is used to let the robotic limb swing forward to the next stride. When the stance phase of the human
begins, the robotic limb changes into the touch-down mode, touching the ground actively to enter the next mode. In the
robotic-limb-support mode, the force control strategy is used to distribute the load weight borne by the human user.
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4.1 Force Control Test of Prismatic Joint. To verify the
function of the force control method on the prismatic joint, the
force control test is conducted. In the test, the robot base is fixed
still on a frame with the tested robotic limb touching the ground.
Figure 8 shows the test result. The desired force F¥ is designed in
sinusoid or triangle form and is fed into the control loop shown
in Fig. 3. The real force F" is measured with the force sensor
fixed at the end of robotic limb. Both F¥ and F" are recorded in
the test. As Fig. 8 shows, the F" curve can follow the F’ d, indicating
that the force control method can output target forces. The control
method is implemented on an MCU (STM32F103ZET6) at
100 Hz, using Can bus to communicate with two motor controllers.
Outputs of the force sensor (Futek, LCM300, FSH03885) are
sampled at the same frequency with the A/D module of MCU.
The performance will be improved if we increase the control fre-
quency. As an initial verification of the function, it is enough in
the current stage.

4.2 Walking Test of SuperLimbs. To verify the function of
the gait control method, the walking test of the SuperLimbs is
carried out. Photos of a participant walking with the SuperLimbs
on a smooth terrain are shown in Fig. 9. By the coordination of
the hip joint, the knee joint, and the prismatic joint, each robotic
limb can follow the participant’s gait as well as support the load

[ Robotic limb support 1 Human leg stance ‘

RSS RDS RSS RDS
& H —
Q
- |
= I |
o
2 I |

0 Gait cycle (%) 100

Fig. 6 Phases of the SuperLimbs in a gait cycle. In the RDS
(robotic double support) phase, both robotic limbs work in the
robotic-limb-support mode to distribute the load weight borne
by the human. In the RSS (robotic single support) phase, one
robotic limb is in the robotic-limb-swing or the touch-down
mode, and the load weight is distributed by the other robotic
limb.

— Finite state machine
Orientation |
estimation 0

————

Robotic limb
R
Event |

swing
detection
Robotic limb Touch
support down

—————
Fig. 7 Diagram of the sensory control. The mode of the robotic
limb is driven by the events heel-strike, toe-off, and
robotic-limb-contact, detected by the IMUs and the force
sensors, respectively. In the robotic-limb-swing mode, the
pitch angle of the backpack is estimated to compensate for the
error from the body sway.
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Fig. 8 Results of the force control test on the prismatic joint:
(a) sinusoid test and (b) triangle test. F? is the desired force in
sinusoid or triangle form. F' is the real force measured by the
force sensor.

carriage. The load weight is set to 150 N, and the force amplitude
of robotic limb is set to 75 N.

Figure 10(a) presents the trajectories of the prismatic joint (x,)
and the hip joint in the flex/extension DOF(Oy,). The
robotic-limb-swing mode has two steps. In Step I, the robotic
limb swings forward to the next stride. Joint trajectories are formu-
lated by the cubic spline interpolation. After arriving at the target
configuration, the robotic limb maintains the pose to wait for the
heel-strike of the human leg (Step II). In the touch-down mode,
the robotic limb swings backward and extends its length, touching
the ground actively. In the robotic-limb-support mode, the hip joint
is in zero-torque mode, and the force control is used on the prismatic
joint to support the load. Both joints follow the movement of the
human participant to avoid constraining the human motions.

Figure 10(b) shows the mechanical power of the prismatic joint in
a gait cycle. As most of the load weight is borne by the prismatic
joint, the main power consumption is cost on this joint. The
mechanical power is calculated by P=F"v,, where F" is measured
by the force sensor at the end of robotic limb, and v,, is the velocity
of prismatic joint, calculated by the encoder of motor. The average
mechanical power during the robotic-limb-support mode is 4.07 W.

4.3 Load Weight Comparison. To prove the concept of using
the SuperLimbs on loaded walking assistance, the participant
walked on a smooth terrain in a certain walking speed under three
conditions:

(a) walking with the SuperLimbs carrying the load (SuperLimb);
(b) walking with the backpack carrying the load (backpack);
(c) normal walking without the load (unload).

In the SuperLimb condition, the diagram of the experiment mea-
surement is shown in Fig. 11. The human user walked with the load
carriage, and the SuperLimbs followed the human gait to distribute
the weight borne by the user. The load force between the human
participant and the SuperLimbs was measured by a force sensor,
to evaluate the weight borne by the participant. The outputs of
the force sensor at the end of each robotic limb were also recorded.
Insole forces were measured by the pressure insoles (Pedar-X
system, Novel, Germany) to estimate the vertical Ground Reaction
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Fig. 9 Photos of a gait cycle of the participant walking with the SuperLimbs

Force (GRF) of the human participant. In the backpack condition,
the load force and insole forces were recorded as comparisons. In
the unload condition, insole forces were recorded. The participant
walked on a pathway back and forth to record about 50 strides
under each condition. The walking frequency was set to 0.5 Hz
with a metronome to control the walking speed. The average
walking speed was approximately 0.7 m/s. The load weight was
set to 150 N in both the SuperLimb and the backpack conditions.
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Fig. 10 Joint motions in a gait cycle: (a) joint trajectories. The
displacement of the prismatic joint (x,) and the angle of hip
joint in the flex/extension DOF (6,) are plotted. (b) Mechanical
power of prismatic joint.
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Figure 12 shows the force result in a gait cycle. All data are
low-pass filtered by applying a second-order Butterworth filter at
a cutoff frequency of 6 Hz. The dashed line is the load force
result of the backpack condition for comparison. At any time of
the gait cycle, the curve of the SuperLimbs is under the curve of
the backpack, indicating that the SuperLimbs can reduce the load
force borne by the participant. In the robotic double support
(RDS) phase, both robotic limbs are in robotic-limb-support mode
to support the load. In the robotic single support (RSS) phase,
only one robotic limb supports the load weight, and the other
limb is off the ground.

Statistics of measurements under different conditions are shown
in Fig. 13. Insole forces of human legs are calculated by adding
outputs of the pressure insoles, as Fig. 13(a) shows. Figure 13(b)
describes the statistics of insole forces under three conditions.
Means and maximums of insole forces in each stride are calculated.
The comparison of the backpack and the unload result indicates that
the load weight increases the insole force. The insole force of the

Payload

_ Force
~~ sensor

“>~~.__Linear
slide

Robot/l
base
Pressure insole ---—----"27""""
77 D ¢
Force sensor -~~~ f ’ k t1ett
Right robotic |nsole Left robotic
limb force force limb force
Fig. 11 Diagram of experiment measurements. The participant

walks carrying the load with the assistance of the SuperLimbs.
The load force, the forces of robotic limbs, and the insole
forces are recorded. The load force is measured by the force
sensor fixed in the SuperLimb base, which allows measuring
the weight borne by the human. The insole forces are measured
by the pressure insole, which estimates the vertical GRF of the
participant.
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Fig. 12 Force results of the SuperLimbs in a gait cycle. The
dashed line is the load force result of the backpack for compari-
son. In any time of the gait cycle, the curve of SuperLimbs is
under the curve of backpack, showing that the SuperLimbs can
reduce the load force borne by the participant. In the RDS
(robotic double support) phase, both robotic limbs are in
robotic-limb-support mode to support the load. In the RSS
(robotic single support) phase, only one robotic limb supports
the load weight and the other limb is off the ground.

SuperLimb condition is less than the backpack condition, indicating
that the SuperLimbs can reduce the load weight borne by the human
participant. The increment is reduced by 85.7% on the mean and is
reduced by 83.8% on the maximum.

Figure 13(c) shows statistics of load forces under the SuperLimb
or backpack condition. Compared with the backpack, the load force
is reduced by 85.7% in the RDS phase and decreases by 47.0% in
the RSS phase. The average decrease of the load force is 55.8%,
indicating that the SuperLimbs can reduce the load weight borne
by the human participant. The performance can be further optimized
by increasing the amplitude of the output force. In this study, the
output force of each robotic limb is in constant form for simplicity,
so the amplitude is set to 75 N (the half of the load weight) to avoid
over supporting in the RDS phase.

In this section, we test the force control of the prismatic joint and
the gait control method to verify the function of the SuperLimbs.
The concept of SuperLimb assistance is proved by the initial
proof experiments under different conditions. Results indicate that
the SuperLimbs can follow the human walking as well as reduce
the load weight borne by the user. The load force is reduced by
55.8% on average and 85.7% in the RDS phase compared with
the backpack. The insole force estimated by the pressure insoles
is also reduced with the assistance of the SuperLimb system.

5 Discussion

In this paper, a SuperLimb system to assist human walking with
load carriage is proposed. The system is designed to distribute the
load weight borne by the human user by transferring the weight
to the ground during the human walking. The mechanical design
and the gait control of the SuperLimbs are discussed. Functions
of the gait control method are verified by experimental tests.
Walking experiments are conducted to provide an initial proof of
this concept. Results show that the SuperLimbs can distribute
85.7% load weight borne by the human, when both robotic limbs
support, and 55.8% load weight on average. This study may
inspire the design of other wearable robots and may provide effi-
cient solutions for human loaded walking.
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Fig. 13 Experiment results under different conditions. (a) Calculation of insole forces. (b) Insole force
results. Means and maximums of insole forces in each stride are calculated. (c) Load force results.
Means of load forces in RDS (robotic double support) phases, RSS (robotic single support) phases, and
the average are calculated, which are all less than the backpack.
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In this study, we only test the SuperLimbs at one walking speed
on a smooth terrain as an initial proof of the concept. Our next
step is the further study of the performance range, including dif-
ferent walking speeds, different smoothness of terrain, other road
conditions, and other locomotion. For other road conditions such
as slope and stairs, a vision system is needed for predictive
control [31,32]. For other locomotions such as running, we
will improve the mechanical system and control method to
ensure that the SuperLimbs have enough speed to follow the
locomotion.

In this study, the output force of each robotic limb is set to cons-
tant form for simplicity, and the amplitude is set to half of the load
weight to avoid over supporting. The load weight borne by the
human user would be further reduced, if the force amplitude
increased. For example, the force amplitude should be set to the
load weight in the RSS phase and should be changed into half
of the weight in the RDS phase. In our future work, we would opti-
mize the force form and the sensory control method to further
improve the performance.

Different from exoskeletons, structures of SuperLimbs are kine-
matically independent of the human limbs, which can avoid physi-
cal interference. Besides exoskeletons and SuperLimbs, many
elastically suspended backpacks were also used in loaded walking
by regulating the connection between the user and the load carriage
[33-37]. This idea may be applied in the SuperLimbs to further
improve the assistance performance. The SuperLimbs can reduce
the average weight borne by the human user, and the elastically sus-
pended backpacks can change the weight distribution over the gait
cycle [37]. Combinations with other wearable robots (e.g.,
joint-level exoskeletons and soft-suit exoskeletons) may also lead
to efficient solutions in loaded walking in a specific environment.
Totally speaking, this study has provided a novel solution for
loaded walking or other relative situations and can be combined
with other wearable robots or equipment easily.
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