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Jiyuan Song , Aibin Zhu , Member, IEEE, Yao Tu , Chunli Zheng,
and Guangzhong Cao , Senior Member, IEEE

Abstract— Magnetorheological (MR) fluid exhibits the
ability to modulate its shear state through variations in
magnetic field intensity, and is widely used for applications
requiring damping. Traditional MR dampers use the current
in the coil to adjust the magnetic field strength, but the
accumulated heat can cause the magnetic field strength
to decay if it works for a long time. In order to deal with
this shortcoming, a novel MR damper is proposed in this
paper, which is based on a variable displacement perma-
nent magnet to adjust the output resistance torque and
applied to an exoskeleton joint for human load transfer
assistance. A finite element model is used to determine
the size parameters of the magnet and separator, so that
the maximum output torque is optimal and the torque is
uniformly distributed with the magnet displacement. The
MR damper was characterized and calibrated on the exper-
imental bench to make it controllable. The novel design
enables the torque mass density of the MR damper to reach
8.83Nmm/g, the torque volume density to reach 48.7N/mm2,
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and has stability for long-term operation. Based on the
torque control method proposed, a preliminary human
experiment is conducted. The ground reaction force (GRF)
data of the subjects is analyzed here, which represents the
effect of load transfer to the exoskeleton. Compared with
no exoskeleton, the GRF with exoskeleton is significantly
reduced: the peak GRF in early stance phase is reduced
by 24.14%, and in late stance phase is reduced by 19.77%.
Based on our net load benefit (NLB) and net force benefit
(NFB) evaluation indicators, the effectiveness of the pro-
posed MR damper exoskeleton for human weight bearing
assistance is established.

Index Terms— Magnetorheological (MR) damper, weight
bearing, lower-limb exoskeleton, assisting efficiency.

I. INTRODUCTION

W ITH the development of electromechanical systems,
there have been many applications of lower limb

exoskeletons in different fields to assist human movement in
recent years, such as rehabilitation and weight-bearing [1],
[2], [3], [4]. Different with the rehabilitation, which requires
consideration of precise positioning and strong constraints on
the human body, weight-bearing exoskeletons are designed for
healthy individuals, so flexibility is particularly important. As
for a weight-bearing exoskeleton, walking with heavy objects
often occurs in military marches, industrial transportation and
outdoor activities [5]. Compared with other transportation
platforms, exoskeleton is favored for its advantages of con-
comitance and convenience.

In the state of weight bearing, the human body should not
only keep standing, but also perform walking tasks. If there
is no assisting equipment, the load is transferred from the
back to the hip joint, knee joint and ankle joint of human
lower limb [6], [7], which can lead to lower limb joint pain
and other musculoskeletal diseases (MSD) [8], [9]. Therefore,
carrying objects while walking can pose risks, when executed
improperly or with heavy loads. Lower limb exoskeleton has a
certain preventive effect on reducing the risk of MSD [10]. The
assistance of exoskeleton in weight bearing and transportation
is mainly reflected in that it can transfer the load to the ground
to reduce the load borne by the human body in the stance
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phase. Some devices have been successful in reducing the
metabolic cost of the human when walking with load [7], [11].

In terms of the lower limbs of the human, the knee joint
torque in the sagittal plane is shown in Fig. 4(c), which is
the moment curve after the standardization of the subject’s
body mass. As opposed to the hip and ankle joints, the knee
joint has a higher rotational peak speed (500o/s) in the swing
phase [12] and a high braking torque in the stance phase
[13], [14]. The knee joint mechanical power is largely negative
throughout the gait cycle in the human walking [15], which is
because the joint torque and direction of motion are opposite
in the support phase, especially at slow walking speeds. In
this case, if the active actuator [2], [16], [17] is used in the
assisting equipment, the motor is required to work in plug
braking mode, and will consume high power from the batteries
for braking, which is neither energy-saving nor safe [18].
In order to give consideration to the load performance and
portability of the actuator, it may not be desirable to rely
entirely on motor braking for the human gait assistance. Some
researchers focus on the passive [19] or semi-active devices
to assist the human body. Semi-active devices equipped with
magnetorheological (MR) damper have also been developed to
provide controllable and effective braking for exoskeletons and
orthotics [20], [21], [22]. MR fluid is an intelligent material
whose rheological properties can be changed [23]. In the
absence of a magnetic field, the particles in its material are
uniformly distributed, and behave as Newtonian fluid; When
in a magnetic field, the particles are magnetized and form a
chain structure, generating mechanical resistance against the
movement of the shear surface.

Based on MR fluid, A MR damper is widely used in many
fields, such as shock absorption and deceleration, because of
its fast response time, high torque volume ratio, low power
requirements, and low turn off friction. A MR device attached
to the knee joint can increase damping during heel impact and
early stance-phase, preventing knee joint flexion during weight
application. In order to improve the torque output performance
of MR damper, many researchers have attempted optimization
work and achieved preliminary effective results. Kikuchi and
Kobayashi [24] designed a rotating MR damper with multi
coil structure to improve the magnetic field performance. Zhu
[25] designed a low torque disc MR damper. In order to
increase the effect of drag torque, Senkal and Gurocak [26]
developed a MR damper with serpentine flux path. Hamid and
Sayyaadi [27] designed a MR damper with T-shaped drum.
Yu et al. [28] designed a new rotating MR damper based on
spiral flow. Wei et al. [29] proposed a high torque rotating
MR damper with parallel plate channels. However, the way
to generate and adjust the magnetic field in these traditional
MR dampers [24], [25], [26], [27], [28], [29] is to change the
current in the coil, so as to achieve the output damping change
of the MR damper joints, as shown in Fig. 1(a). Although
this method is convenient, long time operation will cause
serious heating of the coil, which will lead to the attenuation
of the magnetic field strength and affect the damping torque
adjustment performance. It is a common method to increase
the theoretical maximum output torque of MR dampers by
changing the magnetic flux path [30]. However, due to the

Fig. 1. The principle of traditional and the proposed magnetorheological
(MR) dampers. (a) The principle of traditional MR damper which is based
on coil current; (b) The principle of proposed MR damper in this paper
which is based on variable displacement permanent magnet.

narrow space inside the MR damper, an excessively thin wire
diameter will cause significant heating of the coil, which limits
the current input and limits the maximum torque density of
the MR damper. Therefore, it is imperative to devise novel
magnetorheological (MR) dampers capable of meeting the
requirements for high torque output and prolonged operational
durability.

In this article, we created a small MR brake, which is
an upgrade based on our previous generation’s research [31].
The difference is that the MR damper proposed in this paper
uses a variable displacement permanent magnet to adjust the
magnetic field intensity, as shown in Fig. 1(b). The position
of the permanent magnet in the joint cavity can be adjusted by
controlling a small motor, and the state of the magnetic fluid in
the joint can be changed to achieve the adjustment of the joint
damping torque. Compared with the traditional coil type MR
damper, the MR damper proposed in this paper improves the
principle of magnetic field intensity adjustment. Specifically,
adjusting the displacement of the permanent magnet instead
of adjusting the current in the coil to adjust the magnetic
field intensity. The magnetic field intensity of the permanent
magnet with high magnetizing amount is superior than that
of the coil, which improves the maximum torque density of
the MR damper. At the same time, its shape is suitable for
the assembly of joints. Its most remarkable feature is that it
can be used for a long time without torque attenuation due
to coil heating. The segmented parameters of the permanent
magnet are optimized to make the magnetic field intensity
change uniformly and facilitate the linear control accuracy.

The torque output performance is characterized by the bench
experiments. Based on the segmented permanent magnet mod-
ule and magnetic circuit optimization design, the maximum
output torque of the proposed MR damper can reach 6.47Nm,
i.e. the torque mass ratio (TMR) and the torque volume ratio
(TVR) is 8.83 Mmm/g and 48.7∗10−3N/mm2. In addition,
this paper also proposes a control strategy, which is based
on the position loop to control the output torque of the MR
damper. The MR damper is assembled in the knee joint of a
passive lower limb exoskeleton, and with the human gait phase
recognition method [32] previously proposed, the assisting
effect of the weight bearing ability was tested by a preliminary
human experiment. Based on the collected plantar pressure and
motion information, the data significance of ground reaction
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Fig. 2. Overview of the magnetorheological damper (MR damper) based on variable displacement permanent magnet for the knee joint of lower
limb exoskeleton. (a) Prototype exoskeleton with the proposed MR damper knee joint. In addition to the knee joint equipped with MR damper, the
hip joint and ankle joint each have 3 and 2 degrees of freedom, with full flexibility; (b) Detailed design display of the MR damper. The green is the
rotor, and the brown is the stator. The MR damper consists of a set of permanent magnet module, which can be driven by the motor-screw-nut
mechanism to adjust the magnetic strength of the multi-discs stacking area; (c) Multi-discs stacking area, red discs are connected to the rotor and
blue discs are connected to the stator; (d) The permanent magnet module with ball nut and slider. Multiple permanent magnets and aluminum
sheets are stacked on the nut alternately. The slider can slide in the chute area in the rotor.

force (GRF) of the human with and without exoskeleton was
compared. Based on our net load benefit (NLB) and net force
benefit (NFB) indicators, we evaluated the assisting efficiency
of the exoskeleton. The maximum NLB is 41.00%, and the
maximum NFB is 30.25%.

The remaining sections of this article are as follows.
Section II introduces the design principles of the proposed MR
damper, including the mechanical design, the model parameter
optimization and the controller design. Section III presents
the experimental procedure and data analysis of the results,
including the MR damper performance characterization exper-
iment and exoskeleton wearing experiment. Section IV is the
discussion. Finally, Section V summarizes the conclusions of
this paper.

II. MR DAMPER DESIGN

A. Overall Mechanical Design
The proposed magnetorheological (MR) damper is used

for load transfer of exoskeleton, which is installed on the
knee joint of the exoskeleton. As shown in Fig. 2(a), except
for the knee joint, the hip joint and ankle joint each have
3 and 2 degrees of freedom (DOF) respectively, which satisfies
the free movement of human joints. As shown in Fig. 2(b), MR
damper has two main components: rotor and stator ring. Discs
are embedded and installed on the rotor and stator ring with
cyanoacrylate adhesive respectively, and they are staggered
and overlapped. The weight of the MR damper is 741g. The
rotor (green) and discs (red/blue) are magnetic conductive
materials (DT4C, which is pure iron material) [24], [25], [26].
The shell (brown) is non-magnetic material (6061 aluminum
alloy). The cavity between rotor discs and stator discs is
filled with magnetorheological fluid (MRF). Since the relative
permeability of low carbon steel (DT4C) is higher than that
of aluminum, the magnetic field lines are often concentrated
in the steel with high magnetic permeability rather than the
aluminum with low magnetic permeability. Sealed bearings are
used between the rotor and the housing and set with proper

clearance so that the torque in the magnetic field free state can
be ignored. As shown in Fig. 2(c), each disc in the multi-discs
area is fixed circumferentially by a dovetail structure and
axially by a gasket. The thickness of the gasket can be changed
to adjust the fluid gap between the rotor discs and stator discs.
In addition, a rectangular groove is arranged at the shell to
facilitate the injection of MRF. To ensure that there is no fluid
leakage, silicone pads are applied between the mating surface
of the housing and the end cap.

The proposed MR damper rotor uses permanent magnet as
the effector of the magnetic field, which is completely different
from most of the schemes using coils. The transmission of
permanent magnet module is installed inside the rotor. Because
of the design decision to incorporate the permanent magnet
into the rotor, the permanent magnet and the rotor must remain
stationary while the stator housing rotates around it to keep
the wires from twisting. As shown in Fig. 2(d), the nut-slider
mechanism and the permanent magnet unit are fixed together,
and the permanent magnet can move axially with the drive
of the motor-screw mechanism to adjust the magnetic field
intensity in the multi-discs area.

B. Model Parameter Optimization
The magnetostatic module of finite element (FEM) software

(ANSYS, Inc. Canonsburg, PA, USA) was used to model and
iteratively improve the MR damper design. The magnetic field
effect can be directly obtained by inputting the material of
the permanent magnet (NdFe35). Note that the permanent
magnet is separated by a number of aluminum separator
sheets (Fig. 2(d)) to keep the magnetic field intensity grad-
ually increases when it gradually enters the multi-disks area,
which is conducive to accurate control. The most important
characteristic to evaluate MR damper is torque volume ratio
(TVR). The total length of the permanent magnet is 29 mm,
the outer diameter R1 and inner diameter R2 are 17.5 mm and
6 mm respectively, the thickness of the separator sheet and
the single magnetic disc are wp and wm respectively, and the
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Fig. 3. Size optimization and performance characterization of the MR damper. (a) Maximum magnetic field state of disks stacking area; (b) The
influence of the thickness of permanent magnet and separator on the output torque of MR damper; (c) Visualization of MR damper magnetic field
intensity corresponding to different displacement of permanent magnet; (d) The magnetic field intensity and output torque of the MR damper disks
stack area vary with the displacement of the permanent magnet; (e) The experimental device for testing braking torque of the MR damper. The test
bench consists of a DC motor connected to the MR damper and a torque sensor for capturing brake torque.

number of rotor discs and stator discs in the multi-discs area
is N respectively. Therefore, when the maximum volume is
determined by the exoskeleton joint, parameters wp and wm
are optimized to obtain the best magnetic field effect.

The magnetic flux density determines the shear stress gen-
erated by MRF. Shear stress can be obtained from Bingham
viscoplastic model. From [39], the relationship between sheer
stress τr and magnetic flux density B can be expressed as (1).

τr = −117.54B3
+ 120.14B2

+ 21.18B − 0.115 (1)

The torque output T of the multi-disks area can be described
as follows.

T =
2π

3
(2N − 1)(R3

1 − R3
2)τr (2)

All materials, including magnets (NdFe35), B-H curves
of MRF-122EG and DT4C, are input into the software. Set
boundaries and incentives. Magnetic flux density B can be
calculated by Ansys Maxwell. In the model, several points are
printed at the center of each facet, which represent the average
magnetic flux density. Obtain the magnetic flux density of the
point in the magnetic field calculator and substitute its value
into (1) and (2). The torque obtained is shown in Fig. 3(b). The
optimal parameters of wp and wm are determined to be 2mm
and 1.2mm respectively. Magnetic field state of MR damper
corresponding to different positions of permanent magnet is
shown in Fig. 3(c), magnetic flux density B (black) and output
torque T (purple) of A-A facet are shown in Fig. 3(d).

C. Controller Design
In the MR damper, the hall encoder at the end of the

motor is used to measure the displacement of the slider xs ,
the acquisition frequency of the encoder is 100Hz. According
to (3), the output torque of MR damper can be estimated

Fig. 4. Overview of the real-time control scheme. (a) The complete
system worn by the subject; (b) Gait phase recognition method; (c) Knee
joint moment curve during walking standardized according to the sub-
ject’s weight, The thick line and the shaded area show the mean and the
standard deviation for the target dataset; (d) Torque controller of the MR
damper.

in real time. This method does not require additional torque
sensor, which can make the actuator more compact. Fig. 4(d)
shows the torque control block diagram, which consists of two
cascade control loops. The speed of the motor in the inner ring
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is controlled by the modulation signal of the motor driver in
the speed mode.

The displacement of magnet slider can be used to charac-
terize the output torque of MR damper.

Ts = λ (x)xs (3)

where xs is the displacement of the magnet slider; Ts is the
output torque of the MR damper; λ (x) is the conversion coef-
ficient from magnet displacement to output torque, which can
be obtained from the torque displacement curve in Fig. 3 (d).
In the transparent mode, xs = 0. In the damper torque mode,
just move the magnet to output the desired torque.

In this paper, assistance was generated based on the gait
phase detection, which were synchronized with the human
joint kinematics. A gait cycle (GC) includes the stance phase
and the swing phase. In detail, the stance phase includes the
heel-strike (HS), foot-rest (FR) and toe-off (TO).

Here, the adaptive neuro fuzzy inference system (ANFIS) is
used for gait phase division, which is a fuzzy inference system
based on the Takagi Sugeno model in our previous work [32].
The plantar pressure data and IMU data are fused to achieve
smooth, continuous and accurate gait phase detection. The gait
recognition method used is shown in Fig. 4(b). The torque-
time relationship here is based on the normalized human gait
curve (Fig. 4(c)), which is obtained by subjects walking on a
three-dimensional force measuring board (AMTI), with motion
capture system (Vicon) to record the trajectory of human limb
motion, and calculated by inverse dynamics. As the output
torque of MR damper is limited, it is adjusted to 10% of the
curve in proportion i.e., the µ is set to 0.1, and the torque
value is interpolated and continuous.

III. EXPERIMENT EVALUATION AND RESULTS

This section is to characterize the performance of the
proposed MR damper, and to test the exoskeleton assisting
effect for the human weight bearing. In subjects experiments,
the assisting efficiency of exoskeleton is calculated by the
biomechanical effects of exoskeleton and load conditions on
the human. The ground reaction force (GRF) of participants
with and without exoskeleton was analyzed, which represents
the effect of load transfer of exoskeleton.

A. Torque Characterization of the MR Damper
To test the performance of the relationship between braking

torque and magnet displacement of the MR damper, we created
a test bench device (see Fig. 3 (e)). The shell of the MR
damper is fixed on the test bench. We connect a brushless
motor (Maxon, EC 40) to the torque sensor and the output of
the MR damper in turn. We used ESCON 50/5 servo controller
to drive the micro motor of MR damper. The experiment
aims to characterize the output braking torque of the MR
damper and establish the relationship between the position of
the magnet and the output torque. Control the micro motor
of the MR to drive the screw-nut mechanism, and test the
braking torque of MR damper with the displacement range
of the magnet-slider from 0 to 33mm at 3mm intervals. The
motor (Maxon, EC 40) on the test bench starts from standstill
until it breaks free from the constraints of the MR damper, and

records the data of the torque sensor at this time i.e. the torque
output by MR of the current permanent magnet position. The
results are shown in Fig. 3(d). When the slider is at the 0 mm
position (transparent state), the friction torque is about 0.06
Nm. This can be attributed to the friction between the shaft
and bushing and the MR fluid. However, the rotor can rotate
freely without excessive friction, which indicates that there
is no contact between the rotor and the housing. With the
magnet slider gradually enters the multi-disks stacking area,
it shows the torque controllability of the proposed MR damper.
When the magnet slider position is less than 9mm, the output
braking torque of the MR damper is close to 0; When the
displacement of the magnet slider is between 9 and 33 mm, the
MR damper can output torque effectively. At 33mm, the MR
damper is at the maximum braking torque limit (∼6.47Nm),
i.e. the magnetic flux density in the multi-discs stacking area
is close to full magnetic saturation.

B. Preliminary Wearing Experiment
1) Experimental Protocol and Data Acquisition: The pro-

posed MR damper is installed in the knee joint of the
non-powered lower limb exoskeleton (Fig. 2 (a)). Subjects
wear the exoskeleton with a backpack to load heavy objects.
There is a physical interface for fixation between the car-
bon fiber frame of the backpack and the exoskeleton waist
frame. Compared with the weight bearing of subjects without
exoskeleton, the influence of weight bearing of subjects with
exoskeleton is evaluated from two aspects: the human GRF
and maximum weight bearing mass.

Participants were tested in 7 load conditions with and
without exoskeleton, including 0kg, 5kg, 10kg, 15kg, 20kg,
25kg and 30kg. The load condition is achieved by increasing or
decreasing the number of standard sandbags (5kg) in the back-
pack. For the without exoskeleton condition, subjects carry the
backpack on the shoulder; For with the exoskeleton condition,
the back plate frame of the backpack is connected with the
waist frame of the exoskeleton (Fig. 5). Six healthy subjects
(all male, age: 23.5 ± 2.5 years, height: 169.3 ± 6.2 cm,
weight: 69.5 ± 10.5 kg) with no history of lower-limb joint
injury volunteered to participate in the study with informed
consent. The research design and scheme have been approved
by the biomedical ethics committee of Medical Department of
Xi’an Jiaotong University.

The GRF of participants was measured by the Pedar-X
plantar pressure insole (Novel, Germany), and the average
GRF was monitored at a frequency of 100 Hz. Note that
when without the exoskeleton, the pressure insole measures
the force data between the participant’s sole and the ground;
When with exoskeletons, it measures the force data between
the participant’s sole and the exoskeleton sole. All subjects
walking experiments were conducted on a treadmill at a
constant speed, which is set at 1.2m/s.

2) Data Processing: The purpose of this article is to design
an exoskeleton with a MR damper to assist the human body
to transfer the load to the ground in weight-bearing walking
process. When the human carry a load on the back with
exoskeleton, the coupling model is shown in Fig. 6. The GRF
of the feet includes vertical and horizontal components [33]
(Fig.6 (c)) in the gait cycle. The vertical component of the
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Fig. 5. Subjects wear test scenarios. Participants wore exoskeleton to
walk on the treadmill. The light backpack on their back and the waist
of exoskeleton had a physical interface. The plantar pressure data is
measured by the Pedar-X planter pressure insole.

Fig. 6. The model of the human body when walking with a load
while wearing an exoskeleton. (a) Human-exoskeleton coupled model
for transferring load to the ground; (b) A simple model which can
approximate the vertical dynamics of the human body while walking with
a load; (c) The vertical and horizontal components of the GRF in the gait
cycle.

GRF is widely used as a measure of weight bearing efficiency
of the exoskeleton [34], [35]. Here, the foot mechanism [36] of
the exoskeleton is with an elastic metal sheet and soft rubber
at the bottom, and there is a hinge mechanism at the toe joint.
Therefore, insole forces were measured by the pressure insoles
to estimate the vertical GRF of the human participant.

Furthermore, the model is simplified as a vertical mass
oscillator model with the coupling equation shown below,
where the linear model of subject’s leg is defined by its
damping coefficient Bh and stiffness coefficient Kh . Similarly,
the corresponding parameters {Be, Ke} are used to define the
exoskeleton model. L(t) is a function of the linear leg length,
which is a variable parameter over time to achieve motion
similar to the vertical centroid displacement of subjects. mh is
the mass of subjects. FR1 and FR2 are the vertical component
of GRF of subject and exoskeleton respectively.

(Kh + Ke)(X1 − L(t)) + (Bh + Be)(Ẋ1 − L̇(t))
+ (mh + M1)g = FR1 + FR2 (4)

When the human carries a load without exoskeleton, the
linear equation of motion is given by:

Kh(X1 − L(t)) + Bh(Ẋ1 − L̇(t)) + (mh + M2)g = FR1 (5)

where M1 is the load weight when the human with exoskele-
ton and M2 is the load weight when the human without
exoskeleton.

When the vertical component of GRF of subjects FR1
in (4) and (5) is the same, the variation of M1 and M2 can
characterize the benefits of exoskeleton for weight bearing
transfer tasks. The weight bearing assisting efficiency (AE)
used to quantify the exoskeleton is defined as follows.

AE[%] =
M1 − M2

M1
× 100% (6)

The GRF measured perpendicular to the plantar pressure
center is passed through a 5Hz low-pass filter, and the gait
cycle time is expressed as a percentage. The stance phase
in the gait cycle is divided into early stance and late stance.
Extract the measured GRF data of 20 consecutive gait cycles,
i.e., 20 times from the left heel strike to the next left heel
strike for analysis. Statistical analyses were performed using
SPSS 25.0 (SPSS Corporation, Chicago, Illinois, USA). The
variables of GRFs were analyzed using two factor repeated
measures ANOVA, including two kinds of conditions (with
and without exoskeleton) and seven levels of load (0kg, 5kg,
10kg, 15kg, 20kg, 25kg, and 30kg). The p value was set
at 0.05. Every significant ANOVA result was tracked by
t-test, which was adjusted by the Bonferroni method. Curve
regression was used to fit the function of plantar pressure and
load.

As shown in (4) and (5), the human body’s GRF
FR1increases with the increase of the load mass. In order
to evaluate the indicators of positive effects of the exoskele-
ton on subjects, the following two aspects can be analyzed
respectively:

In the weight-bearing event, when the GRF of the subject
with exoskeleton is equal to that without exoskeleton, the
net load benefit (NLB) percentage of assisting efficiency of
exoskeleton in weight bearing task is proposed as (7), which
is based on (6).

NLB[%] =
LoadExo − LoadNoExo

LoadExo
× 100% (7)

where the LoadExois the load mass of subject wearing
exoskeleton, and the LoadNoExois the load mass of subject
without wearing exoskeleton.

In addition, with the load transfer of exoskeleton, the GRF
of subjects is reduced. When the load mass of subject wearing
exoskeleton is equal to that of not wearing exoskeleton, net
force benefit (NFB) percentage (8) is also proposed.

NFB[%] =
FR1NoExo − FR1Exo

FR1NoExo

× 100% (8)

where the FR1Exo is the GRF of subject wearing exoskeleton,
and the FR1NoExo is the GRF of subject without wearing
exoskeleton.
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Fig. 7. Experimental results. The results of GRFs with and without exoskeletons under different load conditions showed that the GRFs of all
participants with exoskeletons decreased significantly in the early and late stance compared with those without exoskeletons. Lines are medians,
the gray boxes cover between the 25th to 75th percentiles of gait cycle represent the stage of the late stance phase.

Fig. 8. Impact of exoskeleton equipment conditions on results. The
peak GRFs of load carriage at 0 - 30kg, bars represent early stance
and late stance with wearing the exoskeleton (Exo), without wearing
the exoskeleton (No Exo). Asterisks indicate statistically significant
differences.

3) Data Analysis Results:
a) GRFs: As shown in Fig. 7, wearing exoskeleton or not

and load levels have certain influence on the experimental
results. In the swing phase, the GRF did not show major
effects of the exoskeleton equipment and load because the foot
did not touch the ground. As shown in Fig. 8, compared with
no exoskeleton, the peak GRF of subjects with exoskeleton
is significantly reduced (p <0.05): the peak GRF in early
stance phase is reduced by 24.14%, and in late stance phase
is reduced by 19.77%. For the impact of the load, the peak
GRF of overall stance phase increases significantly with the
increase of the load mass. However, there was no significant
difference between the GRF values of 0kg and 5kg in late
GRF. The analysis of stance phase duration in gait cycle did
not reveal significant between exoskeleton equipment and load
levels. No significant major effects of equipment and load were
obtained, but for some load levels, the GRF of stance duration
was significantly different from others. For example, for 0 kg
and 5 kg loads, although the GRF is no significant difference,
it is significantly lower than the value of other load levels; The
GRF values of 10kg and 15kg have no significant difference,
but are significantly higher than those of other load levels.
And the GRF is no significant difference among the load of
10kg, 25kg and 30kg.

b) Assisted efficiency evaluation: For with and without
exoskeleton conditions, the fitting relationship between the

Fig. 9. Assisted efficiency results. (a) The linear relationship between
the average resultant moment of load and support when all participants
wore exoskeleton and did not wear exoskeleton; (b) The relationship
between exoskeleton load and net load benefit; (c) The relationship
between exoskeleton load and net moment benefit.

average GRF and the load mass during the stance phase of
the gait cycle is shown in Fig. 9(a). The two fitting lines
of with and without exoskeleton are significantly different.
The fitting line of the GRF with exoskeleton are lower than
those without exoskeleton. According to (7) and (8), plot the
relationship between net load benefit (NLB) percentage and
net force benefit (NFB) percentage and load levels, as shown
in Figs. 9(b) and 9(C).

As shown in Fig. 9(b), within the effective calculation range
(16kg∼35kg), the percentage of NLB decreases significantly
with the increase of load mass. The NLB percentage of the
16kg load condition is the highest, which is 41.00%; The NLB
percentage of the 35kg load condition is the lowest, which is
7.73%. As shown in Fig. 9(c), within the effective calculation
range (0kg∼35kg), the percentage of NFB first increases and
then decreases with the increase of load mass. For the 0kg
and 35kg load condition, the NFB percentage is 12.50% and
14.15%, respectively; For the 20kg load condition, the NFB
percentage is the highest, 30.25%.
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IV. DISCUSSION

This work characterized the benefits of the MR damper
through modeling and experiments, the proposed design result
in a high torque density MR damper and the output torque
is controllable by moving the displacement of the permanent
magnet. Based on the NLB and NFB indicators, the exoskele-
ton with the MR damper knee actuator was evaluated, which
indicates the effectiveness of weight bearing.

A. Performance Advantages of the MR Damper
The MR damper proposed in this paper is based on a novel

magnetic field regulation method, i.e., the output torque can
be adjusted by changing the position of the permanent magnet
in the multi-disks stacking area. The traditional MR damper
adjusts the output torque by changing the current in the coil
[30], [37], [38], [39], which has a disadvantage of being easy
to heat and is not conducive to long time operation, because
the magnetism will decay with the increase of temperature.
Within the movable range of the magnet slider (0∼33 mm), the
effective output torque range is (9 mm∼33 mm), accounting
for 72.73% of the maximum range. Based on the segmented
permanent magnet module and magnetic circuit optimization
design, the maximum output torque of the proposed MR
damper can reach 6.47Nm, i.e., the torque mass ratio (TMR)
and the torque volume ratio (TVR) is 8.83 Nmm/g and
48.7∗10−3N/mm2, which is higher than the state-of-art [30],
[37], [38], [39], as shown in Table I. It indicates that the
permanent magnet scheme has the potential to output large
torque in MR damper, which is the main advantage over
the coil scheme. And with the development of magnetizing
technology, it will show better performance. Compared with
[39], the TMR of the MR damper proposed in this paper is
higher than 89.5% of [39], while TVR is only higher than
20.5% of [39]. The reason why the volume advantage is not
obvious is that the screw-nut mechanism occupies part of the
space and needs to reserve the space for the movement of
permanent magnet. Due to the friction of the rotor, when the
magnet-slider is at the farthest position from the multi-disk
stacking area, the output torque is 0.06 Nm (less than 0.9% of
the maximum output torque). This ensures the feasibility of
minimizing the constraints on the wearer of the exoskeleton
in the “zero torque mode”.

B. Subjects Tests Response and Interpretations
Based on the proposed torque controller with the gait phase

recognition method we have developed, the MR damper was
assembled at the knee joint of a passive lower limb exoskele-
ton, and subjects wore the exoskeleton for weight bearing
assistance testing. With the assisting efficiency evaluation
method proposed by us, the GRF data of subjects are collected
to measure the NLB and NFB of exoskeleton for the human
in the weight bearing task.

It can be seen from the reduction of subjects GRF
when wearing exoskeleton (Fig. 9(a)) that the exoskeleton
can undertake part of the transmission of weight mass in
weight bearing event. As for the assisted efficiency of the
exoskeleton, it is discussed from two aspects (NLB and NFB):
As the weight of the load mass increases, NLB gradually

decreases (Fig. 9(b)). Under the condition that the subjects
reach the same GRF, the greater the load mass, the smaller
the advantages of exoskeleton bearing transfer. As the weight
bearing mass increases, NFB first increases and then decreases
(Fig. 9(c)). Under the same load conditions, within the weight
range of 0-20kg, the larger the load mass, the greater the effect
of reducing GRF; Within the weight range of 20-35kg, the
larger the weight, the smaller the effect of reducing GRF.
If the weight bearing mass increases infinitely, as shown in
Fig. 9(a). When the two curves in intersect, the exoskeleton
loses its effect of assisting load transfer.

The results show that the proposed MR damper-based
exoskeleton can reduce the GRF of subjects when load heavy
objects and improve the ability of subjects carrying heavy
objects. For the dynamics and gait phases, we found that
the average GRF of subjects increased significantly with the
increase of the load mass, whether in the early or late stance
phase, whether with exoskeleton or not, as shown in Fig. 10(a).
These are the same as the point proposed by Lloyd and Cook
[40], i.e., the increase of vertical GRF is proportional to the
increase of load mass. In this study, the average GRF of
subjects with exoskeleton was significantly lower than that of
subjects without exoskeleton for all load conditions, whether in
the early or late stance phase. In terms of the stance duration,
there was no significant difference between with or without
exoskeleton conditions when the load was less than 10kg.
This indicates that the proposed exoskeleton prototype has
almost no constraints on the flexibility of subjects in low load
conditions, as shown in Fig. 10(b). If the load mass is less
than 15kg, the stance duration with the exoskeleton condition
is longer than that without exoskeleton. But if the load is
more than 30kg, the stance duration with the exoskeleton is
shorter than that without exoskeleton. For the condition of
subjects without exoskeleton, the stance duration increases
significantly with the increase of load mass, which means that
the swing duration is shorter. For the condition of subjects with
exoskeleton, the stance duration won’t change significantly
with the increase of load. The reason is that when participants
wear exoskeleton for weight bearing, part of the load is borne
by exoskeleton, so that the gait of participants is less affected
by the load mass. Gottschall and Kram [41] believed that the
large vertical component of GRF was the main reason for the
increased risk of lower limb injury. Therefore, the proposed
exoskeleton has the possibility of reducing the risk of MSD.

C. Limitations of the Study
Here, we note some limitations of this study. First, the

misalignment of the exoskeleton and the human joint, which is
a common issue for rigid exoskeletons. The length of the thigh
and calf can be adjusted to alleviate this problem, and this
scheme is demonstrated in [42]. Second, the exoskeleton may
increase the inertia of subjects’ legs, but the passive exoskele-
ton is only 3.2 kg, which has less impact than the powered
exoskeleton [1], [2]. Furthermore, all the subjects used the
determined moment curve in the weight bearing experiment,
it is a challenge to determine the torque generator suitable
for everyone. Finally, in the assistance efficiency evaluation
experiment section, pressure insoles were used to estimate the
vertical GRF of the subjects. The line of the GRF from the
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TABLE I
PERFORMANCE COMPARISON OF DIFFERENT MR DAMPER

Fig. 10. Preliminary wearing experimental results in different load levels. (a) The change of GRFs of wearer with and without exoskeleton in early
stance and late stance with load levels. Error bars indicate SEM (Standard Error of the Mean); (b) The change of stance duration over a gait cycle
of the wearer with and without exoskeleton with load levels. Error bars indicate SEM.

experiment is not always vertical as shown in Fig 6. But it
may not matter achieving the objective of the exoskeleton,
and this evaluation method is widely used [34], [35]. It is
worth mentioning that the MR damper exoskeleton based on
the variable displacement permanent magnet proposed in this
study can enhance the weight bearing ability of subjects, which
is related to reducing subjects GRF.

D. Future Work
In the future work, we will try to combine the MR

damper proposed in this paper with the series elastic actuator
(CS-SEA) [43] we have developed, so that the actuator can
balance the advantages of the compliance interaction and the
load transfer performance. In addition, the TMR and TVR
of the MR damper need to be adjusted to match the best
fit of different biological joints for comfort and efficiency.
For the controller of the assisting mode, the online human
torque identification method [44] will be integrated with the
exoskeleton system to assist different wearers with the best
torque curve.

V. CONCLUSION

In this article, we presented a novel MR damper, which
can adjust the output resistance torque based on the variable
displacement of the magnet. The output characteristics of the

MR damper joint were characterized by optimization design
and experimental calibration. Furthermore, the MR damper is
installed in the knee joint of a passive lower limb exoskeleton.
We propose a real-time control method of MR damper based
on gait phase recognition. In order to verify the effectiveness
of MR damper exoskeleton for the human weight bearing
assistance, the preliminary subjects experiments were carried
out. Based on the collected plantar pressure information,
the data significance of GRF of subjects with and without
exoskeleton was compared. Finally, based on the NLB and
NFB indicators, we evaluated the exoskeleton, which indicates
the effectiveness of the proposed MR damper.
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