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Abstract

CrossMark

To survive in nature, animals adjust the characteristics of their legs or fins to adapt the motion to
their environment. Inspired by the locomotion of animals, a study on the tunable stiffness and
damping of a leg will help in the development of intelligent locomotion robots. In this paper we
report on the development and experiment of a novel and simple robotic leg that can be adapted
to the environment via a smart magnetorheological fluid (MRF). The robotic leg consists of a
rotation MRF damper, a torsional spring, a ‘foot’ and a ‘leg’. The curved part of the ‘foot’ makes
contact with the grounds while the other end is linked to an outer cylinder of the MRF damper
with an inelastic cable. The variable force arm rising from the MRF damper and the torsional
spring can help the leg adapt to a changing environment. The characteristics of the MRF damper
have been investigated and a model is built to describe its mechanical features when different
currents are applied to the MRF damper. A test on a linear dynamic test instrument has been

conducted to verify the accuracy of the model. The robotic leg is installed in a locomotion
platform to investigate the speed of its locomotion and the cost of the transport; the result
demonstrated the feasibility and adaptability of the leg when walking on hard terrain. Its simple
structure, high adaptability, and easy control of the MRF leg helped in the design and
development of a high performance field robot that can adapt to various environments.

Keywords: locomotion, adaptive leg, magnetorheological fluid, cost of transport

(Some figures may appear in colour only in the online journal)

1. Introduction

As animals run, their tendons, ligaments, muscles and bones
are coordinated to allow them to move over a large range of
terrains. When animals move, the gravitational energy and
kinetic energy are exchanged in each step [1]; in effect they
use their muscles to generate periodic motion and asymmetric
interaction forces to obtain forward acceleration with the
environment, and these are two key principles [2]. A fast and
effective locomotion involves interaction between the
mechanisms and the environment. Research has revealed that a
compliant leg rather than a stiff leg can reflect the dynamics of
walking and running [3], which means that animals can adjust
the mechanical properties of their legs to adapt to the real world

0964-1726/16,/095019+12$33.00

when they encounter changing terrains and tasks [4]. However,
it has been proved that tuning leg stiffness could result in a
better performance than simply controlling the gait [5].
Inspired by the mechanisms of animals that enable highly
effective locomotion, many passive compliant legs have been
developed and equipped with the dynamics of running robots
such as Raibert’s hoppers [6], RHex [7], Scout [8, 9], Whegs
[10, 11] and AQUA [12]. A simple compliant leg may satisfy the
purpose of limited locomotion in a certain range of conditions
such as load, speed, gait, surface stiffness, and so forth, from
which many researchers have introduced adaptable impedance
into these platforms. Many attempts have also been made to
develop legs and joints with variable stiffness for highly adaptive
robots [13-16], but these changes can only be made

© 2016 IOP Publishing Ltd  Printed in the UK
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mechanically or manually, and even those robots who achieved
better locomotion than robots with stiff legs, had an extremely
complex mechanical structure and a limited response frequency.

There are four ways to control the structural mechanisms;
passive control, active control, hybrid control, and semi-active
control, respectively. The main difference between passive
control and active control is that an active control system
requires an external power source that applies to the structure,
while the other does not. A hybrid control system, as the name
implies, is a combination of passive and active control systems,
while a semi-active control device only needs external energy
which is not like the mechanical energy in an active control
system [17]. Magnetorheological fluid (MRF) is a kind of
smart material which can respond immediately and dramati-
cally to an applied magnetic field [18]. An MRF damper is
semi-active control, so it has the advantages of active and
passive control, while being more convenient than passive
control, and requires less energy than active control.

The characteristics of MRF are rapid response, reversible
transition, and a simple control strategy on the mechanical
structure which allows it to be applied extensively, at least up
to now [19]. Dyke et al [20], and Li ez al [21] have carried out
many interesting studies on an MRF damper and also
developed several models to describe the mechanical prop-
erties [22, 23] of MRF. Furthermore, a variable stiffness
damper that absorbs vibration using MRF [24] has been
developed, where the stiffness is tunable by the current. These
remarkable properties make adjusting the mechanical prop-
erties of robotic legs with MRF devices intuitive.

This paper describes the design and subsequent experi-
ment of a highly adaptive robot leg combined with an MRF
device where the leg uses the MRF damper to adjust its
compressing distance and change its compressing force as it
moves along the ground; it does this by changing the force
arm, which is related to the compressing distance of the leg.
Most importantly, the compressing force can be controlled
through the MRF damper because the damping force can be
changed by applying different currents. This adaptive leg
overcomes the high energy consumption and complex struc-
ture of a traditional mechanical leg of variable stiffness, and
can potentially to be applied to terrestrial and amphibious
robots to increase their locomotion over various terrains.

The reminder of this paper is as follows. Section 2
introduces the structure of this adaptive leg and the relation-
ship curves between the compressing force and vertical dis-
placement. Section 3 develops a theoretical model by which
the vertical compressing force can be deduced and the related
parameters determined. Section 4 introduces an experimental
setup for the adaptive leg and states its locomotory perfor-
mance under different currents and angular velocities.
Section 5 summarizes the advantages of this adaptive leg and
describes the future work.

2. Design of MRF leg

An MRF damper is generally used to absorb vibration
because its damping force can be changed in different

magnetic fields, but it can also be used in other fields such as
adjusting the mechanical properties of a robotic leg. More-
over, the forces activated during locomotion on various ter-
rains can be controlled by adjusting the properties of the leg.

2.1. Structure of the highly adaptive leg

The conceptual design of this adaptive leg is presented in
figure 1. It consists of a curved ‘foot,” a straight ‘leg,” a cable,
an MRF damper, a core axle, a steel plate, and a torsional
spring. The curved ‘foot’ provides forward and supportive
force, just like the curved legs of the RHex and Amphihex
robots. The straight ‘leg’ supports the MRF damper and
provides a pivot for the ‘foot.” The outer cylinder of the MRF
damper is linked to the ‘foot’ through an inelastic cable. A
0.2 mm thick steel plate is connected to the “foot’ to allow it
to adapt to a wider range of terrain. As it walks, the ‘foot’
rotates to form an angle between the core and outer cylinder
of the damper, while the forces acting on the ‘foot’ vary
according to the synthesized effect of the driving torque of the
motor on the axle, the damper force of the MRF damper, and
the dynamic force of the terrain acting on the ‘foot’. In order
to return to an original state when a stride is finished, a tor-
sional spring is fitted between the side cover of the damper,
while the ‘leg’ is attached to the core. A torsional spring with
an initial rotational angle of /60 exerts a small compressing
force onto the leg when no current has been applied onto the
damper, so a maximum angle between the core and the side
cover is controlled by the torsional spring to enable the leg to
have a suitable end position.

The cable is connected to the outer cylinder of the MRF
damper and the ‘foot’ so that the ‘foot’ acts like a human foot
as it makes contact with the ground. The ‘leg’ only supports
the ‘foot’ and the damper, and is connected to the outer
cylinder of the damper via a torsional spring.

The MRF damper can provide a real time damping force
by adjusting the applied current on its exciting coil. The
structure of the MRF damper is shown in figure 2, where it
consists of two side covers, an outer cylinder, an excitation
coil, a piston, sealing rings, and a core. The piston is fixed to
the ‘leg’ through the core, which can rotate with the ‘leg’
during a stride. The magnetic circuit consists of an external
cylinder, the piston, and the exciting coil. The MRF between
the external cylinder and the piston exhibits a Newtonian type
of behavior when there is no magnetic field applied, but a
magnetic field is applied by the exciting coil, several magnetic
chains are formed in the direction of magnetic induction, and
then a shear stress is formed when there is a shear move
between the external cylinder and the piston. This behavior
can be represented as a Bingham model [25]. During a stride
the ‘foot” makes contacts with the ground and rotates around
the axle as the ‘leg’ rotates. The cable is tightened and rotates
the external cylinder around the inner core of the damper,
after which a torque is produced that prevents rotation. The
most remarkable characteristic of this damper is that the tor-
que can be changed in milliseconds by altering the current.

The core and the piston are united into one part, and the
core is fixed to the ‘leg’. The external cylinder has two side
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Figure 1. Mechanical structure of the highly adaptive leg.
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Figure 2. Design of the rotational MRF damper.

covers and is connected to the ‘foot” with a cable. The MRF is
full of the inner space between the external cylinder, the side
covers, and the piston.

The design of the highly adaptive leg allow the
mechanical properties to be adjusted by controlling the cur-
rent during locomotion. Compared to other tunable stiffness
legs, this highly adaptive leg can not only control the com-
pressing force in the same position as a tunable stiffness leg, it
also consumes less energy than active control.

2.2. Analysis of the rotational MRF damper

The MRF damper is the most important component of this
highly adaptive leg because its viscosity increases with the

density of magnetic flux, which means the density of this
MRF damper must be analyzed. The magnetic circuit of the
rotational MRF damper is shown in figure 3 and the related
parameters are listed in table 1. In figure 3, d; is the diameter
of the core, d, is the diameter of the center of the piston, d; is
the diameter of the side of the piston, A; is the magnetic
resistance gap of the MRF between the side of the piston and
the external cylinder, #, is the thickness of the outer cylinder,
[; is the length of the side of the piston, , is the length of
exciting coil, /5 is the length of the piston.

The coil in the MRF damper has approximately 210 turns
and the density of the MRF used in the damper is
2.5828 gcm °, the external cylinder and the piston are
manufactured from 20 grade steel, and the relationship
between the density of magnetic flux B to the density of
magnetic field H of the MRF and the 20 grade steel are shown
in figure 4, respectively. To prevent an unbalanced force from
forming along the core, and to reduce the weight of the leg,
the side covers are made from aluminium. The magnetic
resistance of the center of piston can be calculated as shown
below:

L+1h
R = ’ !
! m[(d2/2)* — (di/2)* 1y 14 .

where p; is the relative permeability of the piston, i is the
permeability of the vacuum. The magnetic resistance of the
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Figure 3. Sketch of the rotational MRF damper.

Table 1. Parameters for rotational MRF damper.

Parameters  Value Parameters  Value
d, 8 mm hy 3 mm
d, 14mm ] 5 mm
d3 30 mm 12 20 mm
hy 0.8mm 4 30 mm

side of the piston can be calculated as shown below:

L= (d3 — di)/2 .
w[(di + d3) /2] iy g

@)

The magnetic resistance of the MRF gap can be calcu-
lated as shown below:

_ hy
m(ds + h)lips gy

3

R3

where i, is the relative permeability of MRF. The magnetic
resistance of the external cylinder can be calculated as shown
below:

L+ 1D
ml(d3/2 + i + ho)* — (ds/2 + ) o

“

Ry =

Thus the total magnetic resistance can be deduced as
shown below:

R, = R + 2R, + 2R; + Ry. %)

Therefore, the magneto-motive force which is based on
Ohm’s Law can be given by

NI = BySoR,,, (6)

where By is the density of magnetic flux of the resistance gap
and Sy is the flux area of the resistance gap.

In the MRF damper, the active area, which is the gap h,
between the piston and the external cylinder, plays an
important role in altering the damping force. Based on this
above analysis, the density of magnetic flux in the active area
under different currents can be deduced by FEM, as shown in
figure 5. The density of flux in the active area will reach
saturation in 2 A, and then three different currents 0, 0.5, and
2 A are used in the following experiments.

2.3. Test of the highly adaptive leg

To measure the property of the leg, the relationship between
the vertical force and vertical displacement must be obtained.
A linear dynamic test instrument (INSTRON E3000) is used
to measure the vertical displacement and relative force. The
leg testing experimental apparatus is presented in figure 6.
The leg and a clamp are assembled together, with one side of
the clamp fixed on the top side of the instrument, which can
generate a vertical motion, and the other side is fastened to the
highly adaptive ‘leg’. When the upper side of the apparatus
provides a vertical motion that was programmed to a certain
velocity and frequency, the ‘foot’ of the highly adaptive leg
always moves along the bottom plate which is fixed on the
pressure sensor, thus the vertical force can be measured at this
relative position.

To obtain the results of these universal experiments, four
methods were chosen to control the velocity; two constant
velocities with 2 and 3 mm sfl, and two constant frequencies
with 0.125 and 0.25Hz. The test results are presented in
figure 7.

Based on these test results, the compressing force
increases when the clamp moves downwards, and the force
returns to zero when the ‘foot’ leaves the plate while the
clamp moves upwards. It is easy to see here that the com-
pressing forces is always consistent with the same current and
velocity even though the ends are different, and the com-
pressing forces increase with different slopes when the
applied current is changed. Thus, the leg can perform similar
to a tunable stiffness leg with a simple control method.

3. Dynamic model and parameter identification

Based on the design of the leg, stiffness in a lateral direction
can be considered as a large constant with a rigid structure;
this design can avoid an unsteady stride in a lateral direction
so all we need to consider is the force in the sagittal plane. A
dynamic model was build and the related parameters were
fitted in the next part.
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3.1. Dynamic model of the highly adaptive leg

According to this design, the compressing force helps the
‘leg’ move forward during a stride, so we can then focus on
the compressing force which can be calculated on the
assumption that the ‘leg’ moves along the negative Y-axis,
and the arch of the ‘foot’ always moves along the ground.
Obviously, the cable and the external cylinder are consistently
on a tangent because the cable is always longer or shorter
along the surface of the external cylinder.

The geometric relationship of the leg must be deduced in
the model, so a simplified structure of the leg in the sagittal
plane is presented in figure 8, and the related parameters are
listed in table 2.

The relationship between the length of cable L, and 6 can
be calculated as below.

Ly= LY+ L} —2L,Lysin 6 — r2. )

The change in length of L, named D; , can be deduced as

Dy =Ly |(0 = 6) — L2|(0 = o), (®)

where 6 = arccos(r/Lz). Accordingly, we can obtain the
relationship between 6 and 3 as shown below:

rsin 84 Ly cos 3= Lzcos @ )

then we can obtain the relationship between unknown

variables 6 and ( through equations (7) and (9) as shown
below:

rsin 8 + \/L,2 + L7 — 2LLysinf — r? cos 3 = L3 cos 6
(10)

and the relationship between L, and 6 can also be calculated
as

L,=Ly— [Lysinf + R(1 — cos 0)], (11)

where L, is the initial height of the leg, which can be
calculated as Lo = L4sinfy + R(1 — cos by). L, is the
vertical displacement when the leg is compressed along the
y-axis.

To obtain the compressing force on the ground, a force
analysis of the ‘foot” is shown in figure 9, where a ratio
between the vertical force F, applied by the ground and the
vertical force decomposed from F, always exists with rotation
around the pivot O of the “foot’. So the arms from the force
point of F, and F’, to the pivot O can be deduced as

Lif=Lscosf + Rsin 6,

Lis = Lgsinf + R(1 — cos 6),
L,f = Ljcos 6,

L,s = Lssin 6,

(12)

where L,f and L;s represent the force arm of F), and F to the
pivot O, Lf and L,s represent the force arm of the vertical and
horizontal component force of F, by the cable to the pivot O.

The ‘foot’ is made from low density carbon fiber with
54 g, so the moment of inertia to the pivot O can be ignored.
Then F)y, based on the moment equilibrium, can be deduced as
shown below:
M_Tf.iza.}rz_b.]‘f,

Lif Lf
where T is the initial moment of the leg, a is a coefficient that
represents sin/3-Lof/L,f and b represents 1/L,f. The values of
a and b under vertical displacement are shown in figure 10
where b-T; is represented as a constant if b-Ty is smaller
than a-F,.

A mechanical model is used to describe the damping
force [26], and then F, can be modeled based on the Bingham
model, as shown in figure 11, which was caused by the MRF
damper and the assembled torsional spring. Then the pull
force F, applied by the cable can be written as

FZZkS'Lv'f’Sign(Lv) f; +C'Lv+Fb

F=F- (13)

(14)

where ¢ is the damping coefficient and f. is the coulomb
friction force in the damper controlled by the current, L, is the
first derivative of the L, to the time, F| is the preloading force
of the torsional spring, which is 5 N, k; is the stiffness of the
equivalent compressed spring, which is converted from the
torsional spring stiffness which is 11.065 N mm/(°), and k; is
calculated as k, = 3.306 Nmm .
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Figure 6. Experimental setup to test the properties of the adaptive leg. The pressure sensor can measure the vertical force. The bottom plate is
coated with vaseline to reduce the fractional force while the ‘foot’ moves on the plate.

Thus, the final vertical force applied by the ground can be
calculated as shown below:

F,=a- (k- L, +sign(l,) - f. +c-L,+ F) — F, (15)

where F, is the mechanical fraction force between the ‘foot’
and the ‘leg’ which is equal to b-Ty.

3.2. Parameter identification

In order to assess the validity of the model, we fitted it with
data measured from the test, as shown in figure 12. The
unknown parameters of ¢, f. and F,. in the model were
determined by the least square method in MATLAB
(R2010a), as shown in equation (16), where the minimum
average square of the difference between the test data and
model data was reached, and the identification of four dif-
ferent velocity control modes under the same current were

also the same. The parameters identified are listed in table 3.
. - (Fm - F;)Z
min:J=> ———, (16)
i=1 n

where F,, is the predicted model data, F), is the test data in the
experiment, and n is the number of data points.

The unsteadiness of the test data mainly lies in the
fraction between the ‘foot’ and the bottom plate of the test
apparatus, so there was always a creeping phenomenon in the
experiments. However, all the parameters identified in the
dynamic model increased as the current increased, the
damping coefficient ¢ increased slightly, and the coulomb
fraction increased rapidly with the current, so it can be con-
cluded that the change velocity had very little effect on the
vertical force, but as the current increased, the coulomb
fraction increased enough to keep the vertical force increasing
monotonically.
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Figure 7. The relationship between the compressing force and vertical displacement with different methods of controlling the velocity under
different currents. The maximum vertical displacement is 7 mm, 11 mm, and 13 mm, respectively.

4. Dynamic locomotion testing

In order to investigate the locomotion of the highly adaptive
leg, an experimental platform similar to a wheel-terrain test
bed [27] was set up. The locomotion of the leg can be eval-
uated with various controlling strategies and kinematic
parameters.

4.1. Experimental locomotion platform

The experimental platform is shown in figure 13. The driving
module (figure 13(b)) is assembled as one unit that can move
vertically through two of four rolling translational guides.
The other two translational guides were used to the
platform move forwards as the highly adaptive leg rotated
in the tank. The tank is 1850 mm x 800 mm x 500 mm
(length x width x depth). To meet the torque requirement
while the leg rotates at the designed angular velocity, a gear

box with a 2:1 ratio is mounted between the shaft of the leg
and the motor, a torque sensor (range: 20 N m with accuracy:
0.5% F.S) that is connected to the output shaft of the gear box
and the leg is used to measure the output torque of the driving
module. An angular velocity of 1 and 2rads™' was selected
to investigate the effects of rotating speed.

To identify the advantages of the highly adaptive leg, an
evaluation criterion called the cost of transport (COT) [28, 29]
was defined to represent consumption of the leg divided by
weight times velocity

5

mgv

COT = , (17)

where m denotes the mass of the sum of leg and driving
module, 7denotes the average speed of the driving module. P
is the average power cost in a stride, which can be calculated
by multiplying the angular velocity of the leg and the
torque 7.
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Figure 8. Geometric relationship of the leg in the sagittal plane. r and
R represent the radius of the external cylinder and the arch of the
‘foot’ respectively. L; and L, represent the length of the ‘leg’ and the
cable, respectively. L3 and L, represent the length from both ends of
the straight line of the ‘foot’ to the pivot of the ‘foot’ and the ‘leg’,
respectively. (3 represents the angle between the cable and the
positive X-axis, and 6 represents the angle between the straight part
of the ‘foot’ and the positive X-axis.

Table 2. Parameters for the highly adaptive Leg.

Parameters ~ Value Parameters Value
Ly 175mm R 55 mm
Ls 129mm Ly 20 mm
Weight 732¢g r 22.8 mm
Arc angle  110° Resistance of the MRF dam- 2.6

per R.

4.2. Controlling strategy

The change of the output torque with zero applied current
when the leg rotates in 1 and 2rads ' is presented in
figure 14. The leg does not contact the ground during the first
half stride, so it can return to its original state during that
period. In the next half stride, the leg contacts the ground
from 7 to 37/2 where the leg is compressed, so a current can
now be applied to change the mechanical properties of the
leg. Moreover, the torque has measured increases to a max-
imum value from 7 to 77/6 approximately, and decreases
from 77/6 to 37/2, so this interval can be divided into three
parts, as shown in figure 14. To compare the MRF damping
leg with the same angular velocity, seven controlling strate-
gies are defined, as shown in figure 15. No current applied on
the MRF damper was control strategy 1. Applying constant
currents of 0.5 A and 2 A were called controlling strategy 2
and 3, respectively. Moreover, to compare the variable cur-
rents and constant current in a stride, experiments where the

Figure 9. Force analysis of the ‘foot’. F, and F are the vertical force
and horizontal force respectively from the ground. Fy; and Fy; are
the vertical force and horizontal force that are applied onto the pivot
O by the ‘leg’. F, is the pull force from the cable.
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Figure 10. Ratio of vertical force on the ground and the damping
force.
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Figure 11. Mechanical model of the highly adaptive leg.
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Figure 12. Identification results under different velocity control methods and currents.

Table 3. Parameter identification of the highly adaptive leg under
different current (I).

i=0A i=05A i=2A
¢ (Nsmm™) 0.22 0.36 0.66
£ (N) 22.10 45.88 66.73
F. (N) 7.72 16.6 23.45

current varied from 0 to 2 A were also carried out (controlling
strategies 4-7).

The current / at different controlling strategy can be
represented as shown below:

00 00 0 O0O0

0052 2 0520
I={005215 1 20 (18)

0052 1 1502

005205 2 02

then the average power that the leg cost in a stride can be
calculated as

P;

T .
f Towdi + Y02 R - 7/ (6w) + I jyRe - 7/ (2
_ Y0 —
5 —

T

19)

where j represents the control strategy.

4.3. Experimental results

The speed and COT of the experiments are recorded and
calculated to evaluated the locomotion of the adaptive leg.
The average forward speed is shown in figure 16. We can
see that the speed increases when the leg runs with a
higher angular velocity, and the forward velocity is almost
the same when the leg runs at a lower angular velocity.
The results indicate that the current applied in a stride only
affects locomotion at a high angular velocity, and the
controlling strategy 4 can reach the highest speed. The
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(a) Overall view of the experimental platform
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Figure 13. Experimental platform of the highly adaptive leg.
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Figure 14. Torque with no current applied under different angular
velocities.

COT at different controlling strategies under different
angular velocities is shown in figure 17 where the con-
trolling strategy 1 has the lowest COT because no other
outside energy has been applied onto the leg, and con-
trolling strategy 3 consumed the largest COT in a stride.
However, controlling strategy 1 had the lowest speed.
Compared to a constant current in the compression phase,
controlling strategies 4, 5, 6, and 7 performed better, while
controlling strategy 4 achieved the highest speed and
relatively low COT in a stride. The experiment results
indicated that the varied vertical force in a stride performed
better when a constant current is applied to the leg in a
stride. This indicates that the MRF damping leg can per-
form better when the robot encounters a changing envir-
onments or tasks, which will explore the applications of the
field robots in future.
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T

L]
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J
180 210 240 2 360
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Figure 15. Controlling strategy in a stride.

5. Conclusions

Compliant legs with a constant stiffness have been studied for
a long time, but to obtain better locomotion means they must
be similar to animals running in the wild. While many
excellent works on tunable stiffness legs has been done, most
only realize changes in vertical force mechanically, so a
vertical force cannot be turned in real time and its controlling
strategy is very complex.

In this paper we have presented the design and loco-
motion experiments of a highly adaptive leg based on MRF.
The simple controlling method and the rapid response of these
legs will enable robots to adapt to their environments and
tasks. The experiment results showed that the leg we designed
can perform better at a high angular speed, and unlike other
tunable legs, its vertical force can change in real time to adapt
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Figure 16. Forward speed in different control strategies under
different angular velocities.
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Figure 17. COT in different control strategies under different angular
velocities.

to its surroundings whilst under semi-active control. More-
over, the assumption that a highly adaptive leg is lower at a
higher angular velocity compared to a mechanically tunable
stiffness leg is incorrect.

In the future, the vertical force can changed over a larger
range by optimizing the structure of the MRF damper and the
leg, and the locomotion of the leg in more complex envir-
onments such as muddy terrain and sandy terrain should also
be explored.
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