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ABSTRACT

Research work in legged locomotion has resulted in leg concept designs that address a number
of technical issues. Although these works concluded with proof of concept results, they have not
offered specific guidelines regarding leg design options or comparisons between alternative leg
designs. In this paper, multibody analysis and simulations using the Matlab and MSC Adams
software were conducted to define guidelines related to two fundamental aspects in leg design.
Design Aspect 1: which is the optimum knee joint orientation for a quadruped robot that
traverses straight-ahead (a) a sloped terrain and (b) a level terrain at maximum speed? Design
Aspect 2: which is the optimum degree of freedom (DOF), actuated DOF and compliance
elements position for a quadruped that traverses straight-ahead (i) a sloped terrain and (ii) a
level terrain at maximum speed? Results show that the answer to the first question is that the
frontwards knee joint orientation reduces torque demands for knee joint, especially for the rear
knee joint. Regarding the second question, results show that for a quadruped robot that traverses
straight-ahead on a sloped terrain, leg architecture should exploit an actuated knee joint to
increase mechanism workspace, robot capability for ground clearance and adequate traction.
Compliance should be located at the lowest part of the leg. For a quadruped robot that traverses
straight-ahead on a level terrain at maximum speed, the optimum leg architecture is
characterized by the minimum suspended mass and by highest frequency oscillations.
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1 INTRODUCTION

Humans and animals have incredible motion capabilities in terms of speed, energy efficiency
and capacity for transversing environments with extreme slopes. These capabilities are due
mainly to their legged locomotion system that allows them to use discrete footprints in handling
terrain discontinuities. Also, they modify muscle stiffness and centre of mass (CoM) location to
preserve their desired motion in an efficient way, despite ground inclinations. In addition,
humans and animals are able to perform dynamically stable motions, so as to achieve high
speeds.

Engineers have already acknowledged the potential advantages of legged locomotion, and
presented leg concept designs that address technical issues. In [1], the robot FastRunner utilizes
a leg architecture, which incorporates a network of elastic elements and uses a single main drive
actuator as a power source. Ananthanarayanan et al. applied to leg design the hypothesis that
employing a tendon-bone co-location architecture not only provides leg compliance, but can
also reduce bone stresses caused by bending [2]. Hutter et al. introduced and compared two
compliant robotic legs that perform precise joint torque and position control, enabling passive
adaptation to the environment, and allowing for the exploitation of natural dynamics motions
[3]. Semini et al. designed an articulated/-segmented leg, suitable for a versatile robot that runs,
hops and navigates over rough terrain [4]. Kontolatis and Papadopoulos have shown that an
optimum region of leg spring constant and uncompressed length emerges for level and sloped
(positive/ negative) terrain traversal [5].



Although these research works have concluded with proof of concept results, they did not offer
specific guidelines about leg design options. To the best of our knowledge, no comparison
between alternative leg designs has been performed so far. Taking the above into consideration,
in our current work we perform multibody analysis and conduct simulations using the Matlab
and MSC Adams software to define guidelines for two fundamental aspects of leg design. Our
results show that a frontward knee joint orientation reduces torque demands, especially for the
rear knee joint. We also show that for a quadruped robot that traverses straight-ahead a sloped
terrain, an actuated knee is useful in increasing mechanism workspace, robot capability for
ground clearance, and adequate traction, while compliance should be located at the lowest part
of the leg. For a quadruped robot that traverses straight-ahead a level terrain at maximum speed,
minimum suspended mass and highest frequency oscillations are desired.

2  DESIGN ASPECT 1 - KNEE JOINT ORIENTATION

The question addressed here is: which is the optimum knee joint orientation for a quadruped
robot that traverses straight-ahead (a) a sloped terrain and (b) a level terrain at maximum speed?
Fig. 1 displays some possible answers to this question.
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Figure 1. Knee joint orientation design options. (a) Both backwards, (b) Rear frontwards-Front
backwards, (c) Both frontwards and (d) Rear backwards-Front frontwards.

S

)]

S

@

(2}

2.1 Force-Torque Analysis

The legs in a multibody robot system can be seen as mechanisms transmitting forces and
torques to the main body. However, for this to happen, the actuators must be able to deliver the
required for some motion torques. However, even if actuators can apply unlimited torques, the
requirements may not be met due to other reasons, such as limits placed by friction developed at
leg endpoints. Therefore, it is important to analyse leg mechanisms from the standpoint of
force-torque transmission.

Force - torque equilibrium analysis and free-body diagrams are used to calculate hip and knee
torque quantities. The robot model presented in Fig. 2, is planar and consists of two massless
virtual legs and a body of mass m. A virtual leg, front or rear, models the two respective
physical legs that operate in pairs when a gait is realized. A virtual leg exerts torques and forces
on the body equal to those by the two physical ones [6]. The model is studied when both virtual
legs touch the ground, forming a closed chain mechanism with the ground, and while they apply
torques to move the body forward with acceleration a. Forces and torques applied to the robot
links, and length and angle quantities of the links and joints respectively are presented also in
Fig. 2 for the case of knee joint orientation shown in Fig. 1 (b). By altering the values of angles
y; and y,, cases (a), (c) and (d) can be studied too.
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Figure 2. (a) Definition of robot parameters, (b) free body diagram with forces and torques.

Using force and torque equilibrium equations for each link, the following equations are derived:

Back Lower Leg (torque equilibrium)

N,-l,-sin(y)+F, -l,-cos(y)-7,,=0 (1)
Back Upper Leg (torque equilibrium)
N,-l, -cos(k—y,)+F, -l -sin(t-y,)-7,,+7,,=0 2)
Front Lower Leg (torque equilibrium)
N, -1, -sin(y)+F;-l,-cos(y)-7,,=0 3)
Front Upper Leg (torque equilibrium)
N,-l-cos(m—y)+F;-l,-sin(m—y,)—-7,,+7,=0 4)
Main Body (two force equilibrium, one torque equilibrium equations)
F,+F,—m-g-sin(p)=m-a 5)
N,+N;—m-g-cos(p)=0 (6)
-N,-d+N,-d+7,+7,=0 (7)
The equation that connects touchdown angle y and joint angles y; and vy is:
Y= +7,)-(n/2) (8)
Let 7,, and a be the independent variables (inputs) in Egs. (1)-(7). Then, these written as:
A-x=b )
where
[ Lsin(y) Lcos(y) 0 0 -1 0 ]
—l,cos(y,) [ sin(y,) 0 0 1 0 O
0 0 Lysin(y) [Lcos(y) O -1
A= 0 0  —lcos(y,) Lsin(y) 0 -1 1 (10)
0 1 0 1 0O 0 O
1 0 1 0 0O 0 O
i —d 0 d 0 0 I 0 |




N, r 0 7
F; Tbl
Ny 0
x=| F; and b= 0 (11)
T,, ma + mgsin(Q)
. mgcos(@)
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sz L bl |

The matrix A is invertible; the system solution x is presented in the Appendix.

For stability during quadruped robot forward acceleration, the front leg ground reaction force
should be greater or equal to zero (marginal value), i.e. Ny> 0. Solving Eq. (10) for Ny

—(1’1’1(0612 cos(y) - dgcos() - gl1COS(Y1+(p) + allsin(71) + glzsin(y + Q)

N, = 12
! 2d (12)
and substituting in Ny> 0, an inequality for the half hip-to-hip distance d results:
4 > hlo-n-cos(y) +g-cos(y,-@y+o-sin(y,)-g-n-sin(y-¢))
geos() (13)
where
In addition, ground reactions must lie inside the leg friction cone, i.e.:
F
—L<u, Selep
f N,
' (15)

Using the solution of Eq. (10) for F, Ns F, and N, in Eq. (15), the bounds for the rear hip
torques 7,, ... and 7, . are calculated so that the front and rear leg stay in contact with the
ground. Two more bounds are identified using the solution of Eq. (10) for the front leg torque 7,
and ground friction Fx. The 7 should be equal or greater than zero so that the front hip torque is
not antagonizing the back one, increasing energy consumption. Also, the F, must be non-
negative, so that the front leg does not to slip forward.

2.2 Results

The analysis presented in Section 2.1 defines areas for valid hip and knee joint torques during
forward quadruped motion. The results are presented in the following plots.

Fig. 3 displays the admissible range of back hip joint torques as a function of foot-ground
friction coefficient in the static case (o = 0) and the quasi-static case, with (o = 2 m/s). The
parameters used are shown in the figure. We note that the admissible region of torques is quite
small; therefore the system controller must be designed very carefully if it is desired to avoid
slippage, tipping, or excessive power usage.

Fig. 4 displays the admissible range of hip joint torques as a function of the ground inclination
for ¢ values between 0 to 25 degrees. As expected, the required torques increase with the
inclination rapidly. Therefore, for given torque bounds of the actuation system, this plot allows
computation of the maximum slope the robot can negotiate.

In Fig. 5 bounds for admissible hip joint torques as a function of the robot acceleration are
given. The analysis is conducted for « values 0 to 3 m/s>. Again, higher accelerations require
higher torques, with narrow range between the min and max bounds for some .
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Figure 3. Back hip joint torque bounds vs. the foot-ground friction coefficient for (a) static (a = 0 m/s?)
and (b) quasi-static case (& = 2 m/s%). m= 30 kg, d= 0.3 m, y,= 130 deg, y,= 280 deg, /,=1,=0.15 m.
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Figure 4. Back hip joint torque bounds vs. the ground inclination. m = 30 kg, a = 2.0 m/s>, u = 0.7, d =
0.3 m, y; =130 deg, y,=280deg, [;=1,=0.15 m.
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Figure 5. Back hip joint torque limits vs. the robot acceleration. m = 30 kg, = 0.7, d= 0.3 m, y; = 130
deg, y,=280deg, [;=1,=0.15m.
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Fig. 6 displays the boundaries of admissible hip joint torques as a function of the half hip-to-hip
distance. The analysis is conducted for d between 0.2 to 0.5 m. In Fig. 7, the bounds of
admissible hip joint torques as a function of the leg link ratio n are presented. The analysis is
conducted for »n values between 0.5 to 1.5.
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Figure 6. Back hip joint torque limits vs. the half hip-to-hip distance. m = 30 kg, o = 2.0 m/s>, u = 0.7, 3,
=130 deg, y,=280deg, /;=1,=0.15 m.
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Figure 7. Back hip joint torque limits vs. the leg links length ratio. m = 30 kg, a =2.0 m/s>, = 0.7, d =
0.3 m, y; =130 deg, y, =280 deg.

A comparison between the magnitude of hip and knee joint torques as a function of the robot
acceleration is presented in Fig. 8. Therefore, the critical actuators are the hip ones.
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Figure 8. Back hip and knee joint torque magnitude vs. the robot acceleration. m =30 kg, u=0.7,d=0.3
m, y; = 130 deg, y, = 280 deg.



We can now proceed to discussing which is the optimum knee joint orientation for a quadruped
that traverses straight-ahead in (a) a sloped terrain and (b) a level terrain at maximum speed.

The results for case (a) are presented in Table 1 for a quadruped that moves forward at a terrain
of inclination ¢ = 20 deg using different knee joint orientation. It should be noted here that the
analysis is conducted for the back leg because this leg contributes the most when the robot
ascends. As can be seen in Table 1, when a quadruped robot traverses straight-ahead a sloped
terrain, the frontward knee joint orientation reduces torque demands for the knee joint,
especially for the rear knee joint 7,,,i.e. 4.71 vs. 22.71 Nm.

Table 1. Rear and front, hip and knee joint torque absolute values (Nm)
for forward acceleration a = 1 m/s and terrain inclination ¢ = 20 deg.

Leg Orientation Tp1 (Nm) | T2 (Nm) | 7n (Nm) | 7o (Nm)
Frontward orientation 18.00 4.71 2.02 3.05
Backward orientation 18.00 22.71 2.02 5.07

The results for level terrain at maximum speed are presented in Table 2 for a quadruped that
moves forward with acceleration « = 3 m/s” using alternative knee joint orientation. Table 2
shows that when a quadruped robot traverses straight-ahead a level terrain at maximum speed,
again the frontward knee joint orientation reduces torque demands for knee joint, especially for

the rear knee joint torques 7,,, i.e. 8.51 vs. 26.51 Nm.

Table 2. Rear and front, hip and knee joint torque absolute values (Nm)
for forward acceleration o = 3 m/s” and terrain inclination ¢ = 0 deg.

Leg Orientation Tp1 (Nm) | T2 (Nm) | 7n (Nm) | 7o (Nm)
Frontward orientation 18.00 8.51 2.68 9.52
Backward orientation 18.00 26.51 2.68 12.21

3 DESIGN ASPECT 2 - LEG MECHANISM CHARACTERISTICS

The question to be addressed here is what is the optimum DOF, actuated DOF and compliance
elements location for a quadruped that traverses straight-ahead (a) a sloped terrain and (b) a
level terrain with the maximum speed. Fig. 9 displays some of the alternative architectures that
can be considered. These two leg design questions are answered taking into consideration the
following design goals for both sloped terrain and high-speed level terrain motion:

= Jow suspended mass,

= Jow energy consumption,

= Jow mechanical complexity,

= adequate traction to achieve maximum motor torque usage,
= durability to impact and torsional loads.
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Figure 9. Leg architectures. (a) Single actuator (hip), torsion spring (knee), (b) Two actuators (hip, knee),
linear spring (ankle), (¢) Two actuators (hip), 4-bar link, linear spring (ankle), (d) Two actuators (hip),
two 4-bar links, linear spring (ankle) and e) One actuator (hip), two 4-bar links, linear spring (ankle).




For effective leg design, two more points are taken into consideration; for high-speed running,
all legs should oscillate at high frequencies and be able to perform large angle trajectories in the
sagittal plane, while for sloped terrain motion, the legs should be able to move in both the
sagittal and coronal planes.

With reference to Fig. 9, although option (a) meets the first two specifications, the passive knee
joint limits leg workspace and the capability for ground clearance and adequate traction. The
same holds for option (e) in which the suspended mass is higher than (a) due to the network of
linear and nonlinear elastic elements. In addition, the elastic elements network adds mechanical
complexity. Both options i.e. (a) and (e) can be optimized for specific motion characteristics and
if these change, the leg mechanism parameters need to be calculated again. Due to this last
reason, options (a) and (e) are eliminated for sloped terrain handling.

Leg architecture option (b) is the worst regarding the first specification, i.e. the low suspended
mass, because knee joint actuator is mounted at a distant joint. For this reason, it is should be
not considered for high-speed running. Also, it results in higher energy consumption than that
for options (a) and (e), but increased knee joint workspace, ground clearance capability and
adequate traction due to the actuated knee joint.

Although leg architecture options (c) and (d) have higher energy consumption than options (a)
and (e) due to the actuated knee joint, they all have the advantage of option (b) without the
disadvantage of high suspended mass because the knee joint actuator is mounted on the robot
body. The increased mechanical complexity is surpassed by the suspended mass reduction.

In conclusion, for a quadruped robot that traverses straight-ahead in a sloped terrain, leg
architecture option (c) is the most appropriate solution because it exploits an actuated knee joint
that increases mechanism workspace and robot capability for ground clearance, and adequate
traction. Also, compliance is located at the lowest part of the leg, therefore it receives an impact
force directly and provides space at the upper part of the leg for the third hip joint actuator that
moves leg in coronal plane. For a quadruped robot that traverses straight-ahead on a level
terrain with maximum speed, leg architecture option (d) is the most appropriate solution
because it has the lowest suspended mass and can achieve high frequency oscillations.

4 SIMULATIONS

To validate the results presented above, simulations were conducted using the multibody
dynamics software MSC Adams. The quadruped robot model, presented in Fig. 10, has
massless legs with 2 links, 0.14 m each. The body weighs 20 kg and provides hip-to-hip
distance 0.4 m and 0.2 m at the sagittal and coronal plane respectively.

Figure 10. MSC Adams quadruped robot model.

Using the 3D robot model, simulations were conducted for the four knee joint orientation cases
(Fig. 1) and the results are presented in Fig. 11. With reference to this figure, in cases (a) and (b)
only a hip and a knee torque plot are presented because the other are identical to those. As one



can observe, in all cases hip joint torques are high and equal, but knee joint torques differ. The
results are consistent with the theoretical analysis performed in Section 2.1 and the case (c) i.e.
both knees have frontward orientation, has the lowest values for knee joint torques. Case (a) is
the worst, as both knee joints demand the highest torque values, while cases (b) and (d) need
high torque on one knee and low torque on the other.
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Figure 11. 3D model joint torque results for (a) Both backwards, (b) Rear frontwards-Front backwards,
(c) Both frontwards and (d) Rear backwards-Front frontwards.

5 CONCLUSIONS

In this work, two fundamental aspects of leg design were defined as most important for leg
locomotion performance and answered using specific criteria. Design Aspect 1: which is the
optimum knee joint orientation for a quadruped robot that traverses straight-ahead (a) a sloped
terrain and (b) a level terrain at maximum speed? Design Aspect 2: which is the optimum DOF,
actuated DOF and compliance elements position for a quadruped that traverses straight-ahead
on a sloped terrain and on a level terrain with maximum speed?

Results show that the answer for the first question is that the frontwards knee joint orientation
reduces torque demands for knee joint, especially for the rear knee joint. For the second
question, results show that for a quadruped robot that traverses straight-ahead on a sloped
terrain, leg architecture should exploit an actuated knee joint to increase mechanism workspace,
robot capability for ground clearance and adequate traction. Compliance should be located at
the lowest part of the leg. For a quadruped robot that traverses straight-ahead on a level terrain
with the maximum speed, leg architecture should have the lowest suspended mass and achieve
high frequency oscillations.
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APPENDIX

The system solution x of Eq. (10) is:

N = m(alzc(7)+gllc('}/1'§0)+dgc(§0)+alls(y1' glzs(y_qo))
b 2d
F,=(4dt, -2m(/c(y,)-1,s())
(aelc(y)rgle(y,-@)tdgc(@)tals(y,)-gls(v-9)) (17)
4d(Le(y)+s(y,))
N.= -(m(OCl2 COS(Y) - dgCOS((D) - gllCOS(}’1+(D) + allsm(% )+glzsin()/ + (D))
- 2d
p o 2247, +mige(@)le(y )-Ls(rNAH e(y )-Ls(r))
! 2d(Le(y)Hs(y)))
o2d+,e(y -1y )+ s(y, ) TedH e(y, )-Ls(y ey )+ s(y,)s(p))
2d(Le(y )+ s(y,))
24, rmlee(@) ey SN e s |
” 2d(Le(y )+ s(y,))
o 2d+,e(y )-Ls(Ye(y )+ s(y, ) TedH e(y, )-Ls(yEe(y ) Hs(y,)s(p))
2d(Le(y )+ s(y,))
T,= -7, tol,me(y y+glme(y, — @)talms(y,)-gl,ms(y-¢) (21)
_ L4dlme(y)’ (a+gs(9)) +c(y)(—4d, + gme(p)(l,” — 4dLs(y))
2 4d(e(y)r+ls(y,))

(16)

(18)

(19)

(20)

+20Lmc(y —y, Na+ gs(p))+4dlms(y Na+ gs(9))+1m(glc(y — 2y )c(p)+2(dge(y +7,)c()

4d(Le(y )+ s(v,))

+c(y =y N=glLc(@)s(y)+ sy, ) a+ gs(9)))
4d(Le(y)1s(y,)

(22)



