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Biped Robots With Compliant Joints
for Walking and Running
Performance Growing

Andrea Maiorino and Giovanni Gerardo Muscolo*

DIMEAS-Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, Italy

This paper deals with the problem of compliance in biped robots locomotion. After
a first literature review, we designed and simulated a 3D virtual model of a biped
robot conceived with the same link dimensions (and weights) of a standard man. In
all simulation, the same input to the robot actuators are proposed, modifying only the
compliance of the attached links. We first validated the model and then compared results
increasing and reducing compliance on hip, knee and ankle joints. The very good results
underline how the robot performances may be increased including the compliant element
in the knee. In particular, we noted how including a proper value of the compliance in the
knee, power and torque of the actuators may be reduced increasing robot speed.

Keywords: compliant joints, biped robots, walking, running, variable stiffness, biped locomotion, sport
performance, sport robotics

1. INTRODUCTION

Humanoid robots are conceived with the final objective to have a human-like behavior. Biped
robots are normally composed of rigid bodies linked by simple kinematic connections. The
segments of the human body are not rigid and this difference between human and robot produces
many discrepancies in their dynamic balance. The lack of compliance systems in biped robots may
transfer high loads to the whole structure due to the impact of the robot feet with the ground.
The correct distribution of the ground reaction forces from the ground to the robot structure is
important in order to avoid damages on the actuators during the robot gait. In the meanwhile,
the compliance systems help to increase robot performances thanks to their capabilities to absorb
impacts and transfer energy.

Collins et al. developed a passive-dynamics based bipedal walking robot with the aim of
minimizing energy consumption to reach the same mechanical energy efficiency of human walking
(Collins et al.,, 2001; Collins and Ruina, 2005). Some authors proposed the use of antagonistic
pneumatic actuators for changing the joint compliance in order to perform three dynamic
locomotion modes: walking, running and jumping (Hosoda et al., 2006). In Schauss et al. (2009),
the addition of compliant ankles and the application of hybrid zero dynamics method provided
a great result toward human-like gait applied to a seven link robot. In Muscolo and Recchiuto
(2017), the authors present a creative design approach in order to simplify biped locomotion of
humanoid robots. In order to obtain a humanlike motion on a planar surface, they developed
a bipedal humanoid robot with two legs, constituted by a passive flexible structure and using
only two motors on the feet equipped with wheels (Muscolo et al., 2017a,b). Jerry Pratt and
Benjamin Krupp introduced the concept of series elastic actuators (SEA) and how they can be
implemented in robots who operate in unconstrained environments (Pratt and Krupp, 2004). Other
researchers in Sensinger et al. (2013) show their studies on the effect of compliance location in
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SEAs. The work in Zhou et al. (2015) introduced a local
stabilization strategy based on active compliance control. The
scope of the work is to stabilize, with active stiffness and
damping regulation, an intrinsically compliant humanoid system
during locomotion. The control strategy was validated on a
real humanoid robot COMAN (COMpliant huMANoid). In
Song et al. (2013), some researchers investigated the source of
energy reduction derived from the implementation of windlass
mechanism. They focused their attention on feet compliance
as one of the functionalities that windlass mechanism embeds.
The results have shown that compliant feet require more energy
than stiff feet during a walk. In Hurst et al. (2016), the use of
mechanical springs that allow to reduce the power requirements
of actuators, to store and release energy when it is necessary
and to prevent collision impacts due to interactions with
the environment are shown. The work proposed in Muscolo
et al. (2013) modifies the compliance of the humanoid arm,
DEXTER, an eight DOFs manipulator, modifying the software
parameters. Simulations show that by varying the stiffness of the
environment, with a variation of the software parameters, both
control systems ensure the achievement of the desired force and
position. The aim of the work Endo et al. (2006) is to demonstrate
that a quasi-passive leg structure can reach a human-like walking
without knee and ankle actuator but using only a single actuator
at hip’s joint. The model of leg structure consists of knee and
ankle passive and quasi-passive elements, including springs,
clutches and variable dampers. In Wisse et al. (2006), the authors
demonstrate that spring stiffness has a positive effect on the
reaction to external disturbance as well as arc radius of arc-
shaped feet. In Guihard and Gorce (2004), the authors proposed
a biorobotic foot model based on pneumatic actuation type and
designed with a dynamic behavior as close as possible to human
one. The work of Iida et al. (2008) presents a minimalistic bipedal
locomotion model with a compliant leg structure that is able to
perform both walking and running gaits. Through simulations,
the authors show how the proposed model agrees with the basic
principles of human locomotion. The authors in Geyer et al.
(2006) show how compliant legs are essential to obtain the basic
walking mechanics. The authors of Li et al. (2008) developed
a new flexible foot with rubber bushes and rubber pads for
absorbing impacts with the ground and equipped with a real-time
attitude estimation system. The work of Torricelli et al. (2016)
presents a synthetic view of biomechanical principles of human
walking and it deals with biomechanical compliance as one of the
key properties of human systems. The work of Wu et al. (2018)
aims at investigating the effects of ground compliance on flexible
planar passive biped dynamic walking based on continuous force
method. The aim of the research work of Kim (2013) is to
analyse the work at the joint space of compliant legs for bipedal
walking robots. Some researchers in Tsagarikis et al. (2010)
presented the design and realization of a new variable compliance
actuator for robots physically interacting with humans that can
control the stiffness using two motors. In the review work of
Ham et al. (2009) the state of the art in the design of actuators
with passive adjustable compliance/controllable stiffness for
robotic applications is described. The authors demonstrated in

Zelik et al. (2014) how ankle elasticity can aid walking economy
by redirecting CoM, reducing collisions.

In arecent work (Schrade et al., 2019), the authors investigated
how a variable stiffness actuator at the knee joint influences
collision forces transmitted to the user via the exoskeleton. In
Li et al. (2019), a compliant crank-slider mechanism can be
constructed by adding constant-stiffness springs at its joints. In
Bacek et al. (2020), the authors analyzed the effects that changing
mechanical compliance has on the actuator’s overall performance
in different ideal conditions in an experimental test setup.

The field of compliant walking is very important to minimize
shock loads, derived from foot impact with the ground,
employing compliant mechanisms in order to reduce the impact
forces. Reducing interface stiffness offers a number of advantages,
including greater shock tolerance, more accurate and stable force
control, and the capacity for energy storage.

The authors, in the work of Hashimoto et al. (2012), developed
a walking stabilization control to stabilize the center of mass
(CoM) motion in the lateral direction on a soft ground. After
a first analysis of the work of Hashimoto et al. (2012), in order
to study the interaction of a robot without compliant joints, but
with a soft ground, we found the convenience to include the soft
element inside the robot joint. In this paper, the authors show
how the introduction of a knee compliant joint can improve the
behavior of the biped robot at the impact with the ground. In our
biped robot model, we have realized a variable stiffness joint in
which the compliant element is not combined with the actuator,
in this way, the decoupling between the connection line of the
links and the actuator let us to minimize impulsive loads, derived
from impact with the ground, to which the actuator is subjected.
Through simulations of walking and running, we have evaluated
the benefits gained from this type of joint.

The paper is structured as follows: Section 2 shows our virtual
robot model developed with Matlab; section 3 presents the joint
motion input profile; section 4 shows the validation of our
prototype including implementation, results and discussion. The
paper ends with conclusion.

2. VIRTUAL ROBOT MODEL DESIGN

2.1. Multibody Model

Simscape Multibody (a Matlabs tool) provides a multibody
simulation environment for 3D mechanical systems, in order
to model multibody systems using blocks representing bodies,
joints, constraints, force elements, and sensors. In this paper, we
introduce the simulation model of a biped robot in Simscape
Multibody. The robot model consists of 14 different types of
bodies and six revolute joints with one rotational degree of
freedom each, located at the hip, knee and ankle. A compression
spring is interposed between each link in such a way that we can
change its stiffness value regardless of the task carried out by the
robot. For anthropometric characteristics, the standard man (age
30; height: 1,720 mm; mass: 70 kg) has been used as a virtual
reference model for the simulation (Muscolo et al., 2017b).
Figure 1 shows the model structure. In order to run out tests
we fixed the biped robot trunk to a wall allowing two degrees of

Frontiers in Mechanical Engineering | www.frontiersin.org

March 2020 | Volume 6 | Article 11


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Maiorino and Muscolo

Biped Robots With Compliant Joints

FIGURE 1 | Biped robot virtual model.

freedom in the ZX plane. In this mode the trunk is free to move in
X and Z direction and only Y rotation is avoided in the ZX plane.
The virtual robot model with these constraints allows to evaluate
the influence on the compliant joints during walking and running
avoiding the disturb of the balancing during locomotion.

2.2. Foot-Ground Contact Modeling

In the model designed in this paper, the behavior of the contact
of the foot with the ground was realized with the Simscape
Multibody Contact Forces Library which provides contact force
models for intermittent contact (Miller, 2020). In order to achieve
a correct contact between the parts in the system that hit each
other during simulation, a general approach was used:

1. Identify the parts in the system that will hit each other during
simulation.

2. Figure out which edges or surfaces will touch.

3. Add reference frames for the lines and arcs that will touch.

4. Add contact force model between the two frames.

The block, used to design ground reaction forces during gait,
implements a linear force law between a sphere and a plane with
specific stiffness and damping parameters. For a given walking
gait, we have implemented a Stick-Slip Continuous friction law
which allows the biped platform to perform the expected motion.
Parameters for the friction forces which act between the foot
and the ground are the following: Coefficient of Kinetic Friction
= 0.6; Coefficient of Static Friction = 0.8; Velocity Threshold
(m/s) = 0.01.

2.3. Variable Stiffness Joint Modeling

Figure 2 shows the sketch of the working principle of the variable
stiffness joint implemented in the biped robot model. This joint

consists of two compression springs (K; and K3) interposed
between each link and their connection to the revolute joint.
Figure 2A shows the case in which the link 1 is fixed to the frame
and three DoFs are available (shown with arrows in the picture).
If the rotation of the revolute joint is avoided, and the motion
of the two links is permitted only in Z direction, the model may
be approximated with two springs (K; and K;) and two masses
(m; and my) (Figure 2B). If the link 2 of the Figure 2B is blocked
(such us in Figure 2C), 1 DoF is available and the system may
be represented with a mass (m;) connected with two springs in
parallel (K; and K3).

In this work, we used the system of the Figure 2A modifying
K (as shown later), giving an input to the revolute joint which
is connected to the actuation and using a high value of stiffness
for K;.

2.4. Variable Stiffness Joint Damping

Coefficient
Due to high accelerations, the system requires viscous damping
in order to dampen the vibrations induced during the biped
gait. An elastomeric anti-vibration mount was used on the
robotic platform (instead of each spring shown in Figure 2).
From Homberger (2018) of chucking and anti-vibrating
systems, we have selected the type of anti-vibration mount for
our application.

The maximum stress, corresponding to a compression load of
700 N, causes a displacement equal to 8 mm.

700N 0.99MP. (1)
o, = ——— = 0. a
max 7 % (15mm)>?
1—1 30—8 — 30
€max = ¢ = ( ) mim m = —0.2666 (2)
Iy 30 mm
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FIGURE 2 | Sketch of the working principle of the variable stiffness joint implemented in hip, knee, and ankle joints on the sagittal plane: (A) link1 is fixed (3 DoFs);
(B) rotation is avoided (if link 1 is fixed) (2 DoFs); (C) two links are fixed and rotation is avoided (1 DoF).

From which, approximating the hysteresis curve of the anti-
vibration mount with the linear law of Hooke, we obtain:

Omax

= 3.714MPa (3)

Young'smodulus = E =
€max
The Poisson’s ratio of this material is equal to 0.5, so we can
calculate the shear modulus, denoted by G which is defined as
the ratio of shear stress to the shear strain, but it is also related
to the modulus of rigidity, Young’s modulus and Poisson’s ratio
with the following relation:

E
G = — 1.857MPa (4)
14 2v
We proceed with the calculation of the average
shear deformation:
- xZ 8
yavemge - GA

where:

x is the cutting factor and is equal to % for circular sections;
T is the shear stress;

G is the shear modulus;

A is the area of the circular section.

Yaverage = 0.093

The average variation of the viscous damping factor as a
function of the shear deformation, we can obtain the ratio
between the damping factor and the damping factor with unit
average deformation.

1462)
ty =1

t(y =1) = 015
c(y) = 0225

From which: = 1.5

Starting from the critical damping ¢, we proceed with the
calculation of the damping coeflicient :

Ns
¢ = 2mK = 4949.74 — (6)
m

N
with: m = 70Kg and K = 87,500 —. Damping coefficient is
m

equal to:

B = 20v/mK = 1113.7% ?)

3. JOINT MOTION INPUT PROFILE
3.1. Walking and Running Gaits

According to the reciprocal contact of one leg and the ground,
a classical human gait cycle is composed by stance, where the
foot is on the ground, and swing. Stance can be subdivided into
four sub-phases: (i) loading response, in which both limbs are in
contact with the ground, (ii) mid stance, starting at contralateral
toe off, (iii) terminal stance, starting at heel rise and (iv) pre
swing, in which, again, both limb are in contact with the ground.
With respect to the timing, the gross normal distribution of
the floor contact periods is 60% for stance and 40% for swing.
Timing for the phases of stance is 10% for each double stance
interval (loading response and pre swing) and 40% for single limb
support. The precise duration of these gait cycle intervals varies
with the person’s walking velocity: increasing velocity increases
total stance and swing times, while lengthens single stance and
shortens the two double stance intervals.

Using the same multibody model presented in Figure 1, we
developed two different Robot models (model I and II) and
performed for each one the walking and running gait. A total of
four gaits have been performed:

1. Robot model I walking gait
2. Robot model I running gait
3. Robot model II walking gait
4. Robot model II running gait.
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FIGURE 3 | Joint angle input for Robot model | walking gait.

The difference between the two Robot models (I and II) is based
on the difference on the used ankle input. Robot model I uses as
input the data of classical human gait in walking and running.
The Robot model II uses the same data of the Robot model I
except for the ankle joint in walking and running. The Robot
model I reproduces the locomotion of a human; the robot model
II reproduces the motion of the human during walking and
running with the constraint to have the sole of the foot always
parallel to the ground. This type of locomotion is the same of the
motion that could be reproduced by a robot which uses the Zero
Moment Point (ZMP) approach (see Muscolo et al., 2015).

We have actuated the joint primitive of each revolute joint
in inverse dynamics mode by providing motion as input
while force/torque actuation was automatically computed. The
motion input of a joint primitive is a time-series object
specifying that primitive’s trajectory. For a revolute primitive,
the trajectory is the angle about the primitive axis, given
as a function of time. This angle provides the rotation of
the follower frame with respect to the base frame about the
primitive axis.

The progression of hip, knee and ankle angle is shown
normalized to a gait cycle. Figure 3 shows human hip, knee and
ankle joint characteristics at normal walking speed and Figure 4
shows the same angles for human running gait cycle.

Figures 5, 6, show joint ankle angles for Robot model II,
respectively, during walking and running gait. The hip and knee
walking and running input angles are the same of the Robot
model I shown in Figures 3, 4. With the aim of reproducing

a walking gait for the Robot model II with the sole of the
foot always parallel to the ground, values of ankle angles were
calculated based on the following equation:

Angleankle(t) = _Angleknee(t) _A”glehip(t) (8)

3.2. Joint Compliance
The current study aims at evaluating to what extent the stiffness
of each joint, individually taken, can be optimized to minimize
energy. We present a study to demonstrate that the use of our
variable stiffness actuator concept can greatly reduce energy
expenditure in actuator power.

For the four different tasks performed by the virtual biped
robot model, we have set the stiffness value K;j, giving to
K, the infinite stiffness (see Figure 2A). Each stiffness value
refers to a permitted displacement value, calculated with respect
to the total weight of the biped multibody model equal
to 70 kg.

For example, the stiffness value indicated with the following
expression Ry refers to a stiffness value relative to the knee joint
with the allowed displacement of 1 millimeter when a force equal
to the total weight of the biped humanoid robot is imposed. With
the allowed displacement of: x; 1mm and xg 8 mm,
we obtain the following stiffness values for the knee with the
weight of F,, = 70kg - 9.81m/s*> = 686.7N; Ry

686,700 N/m; Ry = L2 = 87,500 N/m.

Ey

X1

X8
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FIGURE 5 | Ankle angle input for Robot model Il walking gait.
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4. VALIDATION, IMPLEMENTATION,
RESULTS, AND DISCUSSION

4.1. Model Validation

In order to validate our models, the virtual robot should be
compared with the real system. However, in our case, no real
robotic systems are available. If the same input of the Figure 3
are included in our model I, and if the stiffness K1 has a high
value, the Figure 7, which represents the CoM speed graph, is
obtained. It may be noted how the mean value of the CoM
speed of the model I is approximately 0.9 m/s during walking
gait. This first result gives only an idea of how our virtual robot

performances are in line with the human’s one, which has the
walking speed from 0.5m/s to 2.6 m/s (Grimmer and Seyfarth,
2014). However, analysing the torques output of our models, with
the ones of the human with the same input, we noted that the
obtained torques on the knee, hip and ankle joints of our models
are not realistic and we discovered the reason of it optimizing
results. In particular, if we give the input of the Figures 3-6, the
software tries to cover the input creating high accelerations and
then high torques. For these reasons, we included torques input
instead of kinemtatic ones, which generate the same kinematic
of Figures 3-6 but as output. Figure 8 shows the comparison
between the kinematic input of the Figure 3 and the kinematic
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FIGURE 6 | Ankle angle input for Robot model Il running gait.
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FIGURE 7 | Speed of the Center of Mass (CoM) of the Robot model | walking gait with infinite stiffness joints.

output obtained giving the torque to the joints as input. With
this novel input, we reduced the maximum peak torques in the
joints and the speed of our model is from around 0.9 m/s (from
the Figure7) to around 0.6 m/s, which may be optimized in
future works.

4.2, Best Location of the Compliant

Element
In the following graphs, these values have been used:

Ry = oc0o=K,
Ry 686,700 N/m = K,
Ris = 87,500N/m = K.

A cross analysis was carried out in order to evaluate how the
impact with the ground affects the joints in terms of torque
and power required. Each test was performed implementing the
compliant element in one joint (hip, knee, or ankle) with different
stiffness values, while the other joints have infinite stiffness. This
cross analysis let us to check what is the best location of the
compliant element and what are the effects it generates on the
other rigid joints. The obtained values refer to the bandwidth
of the signals measured on the Simscape model through sensors
arranged on the biped and they represent the maximum
absorption peaks, linked to the impact with the ground, of the
measured variable.

With our research we noted that the best location of the
compliant element is in the knee joint as it brings greater
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of three compliant elements with stiffness equal to K, provides an

benefits to the other joints by reducing the peaks due to the
impact with the ground. For this reason, from now, we will only
consider the knee joint with the compliant element and we will
try to optimize, from a performance point of view, a system

so configured.

4.3. Compliant Knee Joint

In order to optimize our research, we used two equivalent
stiffness values resulting from the series of compliant elements
whose stiffness is set to K. = 87,500 N/m. In particular, a series

K
equivalent stiffness value of K; = ?C = 29166.67 N/m, while

a series of five compliant elements gives an equivalent stiffness

K.
value of K, = < = 17,500 N /m.

Figure 9 compares the two used models (Model I and Model
II) during walking and using three different stiffness values
for K;:K,;, Kp, and K. In 10 s, if Ky = K; (or Ky = Kp)
the CoM of the Model I travels a distance of minus than 5
m; on the contrary, using K; = K, the travelled distance is
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FIGURE 10 | Comparison of performances using Model | during running and using different stiffness and damping values for Ky : Ks + D¢, Ky + Dy, and Kg + De.

more than 5 m. It is possible to note how the performances
of the Model II are inferior respect to the ones of the Model
I. For this reason, in the following graphs, only the Model
I will be shown. In Supplementary Material, we included
two videos of the robot models I and II during walking
and running.

4.4. Performance Advantages in Running
Gait

The compliant element in the knee joint optimizes the biped
running by adjusting stiffness values of the variable stiffness joint.
If we consider the following stiffness values: K. = 87,500 %;
K; = 29166.67 %; K, = 17,500 %, and the same damping in

Ns
all the simulations equal to 1113.7 —; we obtain the following
m

results from simulations:

From Figure 10, we can notice that a lower stiffness allows the
robot to go further. In fact with a stiffness value of 17,500 N /m,
it can travel a distance of about 25m in 10s (of simulation).
This confirms how a compliant element in the knee joint let
us to obtain better performance with a significant reduction in
energy expenditure.

If we observe the torque and power trends at the robot
joints as a function of the compliant element stiffness value
in the knee joint, we can notice that for the stiffness value
corresponding to K; with presence of damping, we are close
to an absolute minimum both for walking and running gait.
From this observation it can be deduced how the optimization
procedure can converge in a first approximation to this value
which constitutes a great value with regard to the minimization
of torque and power at the impact with the ground and the
increase in performance. Another indicator that shows how
the optimization procedure has almost reached convergence

toward an ideal value of stiffness is shown in Figure 10, where
using kd a travelled distance of more than 25m in 10s of
simulation may be reached. On the other hand, there is a greater
difference in the final CoM displacement depending on the
use of a stiffness equal to K; or one equal to K. because we
have a percentage change of about 54%. This means that if
we continue to reduce stiffness, we will get smaller percentage
changes that will not bring about substantial differences in robot
gait. From this optimization approach, we have almost reached an
asymptotic convergence with the value of K; = 29166.67 N/m.
It would be useless to go down to lower values because we
will get percentage changes in final CoM displacement less
than 5%.

5. CONCLUSION

The compliant elements, included in biped legs, may increase
the robots’ performances. However, the correct combination
and position of the compliant elements is not simple to
define for many reasons (such as complexity of the multibody
model, nonlinearity of the contact point definition, etc.). The
results we presented in this work underline how a first
step forward in the increasing biped robot performances in
locomotion is possible to pursued. In particular, the robot
performances are increased more including the compliance
in the knee joint respect to include the compliance in hip
and ankle. This result is in line with the knowledge that the
knee is the most solicited joint during walking locomotion.
We performed also comparison of different stiffness and
damping coefficients, underlining some good values and how
the robot may increase its speed without modifying the input
to the actuators but only modifying the stiffness and damping
value of the joints. This work contributes to the research

Frontiers in Mechanical Engineering | www.frontiersin.org

9 March 2020 | Volume 6 | Article 11


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Maiorino and Muscolo

Biped Robots With Compliant Joints

community knowledge with a new impact to the design
of biped robots with compliance for walking, running, and
jumping applications.
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