ABSTRACT
LIGHTWALA, HUZEFA MURTUZA. Least Effort Tracking Model for the Motion Planning of
a Tarantula Robot. (Under the direction of Dr. Lawrence Silverberg).

Legged robots are adaptable to uneven terrain and well suited for navigation and
exploration. However, their advanced maneuverability comes at the cost of complex inverse
kinematics and motion planning algorithms. We address the motion planning for walking
application of a tarantula robot. A tarantula is an 8-legged arthropod with a high degree of
redundancy, rendering it with several motion choices while walking. To interpret these choices,
we present a hierarchical approach which breaks down the problem into small parts and gain
insight into them. The information derived is used to holistically develop the walking gaits of a
tarantula robot moving on flat ground. We leverage the least effort principle (the basis for usual
motions of animals) for making motion planning decisions. Furthermore, we compare our
derived gaits with those exhibited by tarantulas (using available videos and previous research).
Our comparative studies found close resemblance between the two. This may suggest that the
least effort principle plays an important role in the decision-making process of the tarantula

while walking. A video of the final walking motion is available on YouTube.


https://youtu.be/_Yv0VdNYtwk
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1. Introduction
Legged robots, such as bipeds, quadrupeds, and six and eight legged systems, have been the subject
of scientific research for many years. Perhaps the most frequent advantage cited is their ability to
traverse on uneven terrain and overcome obstacles, which makes them well suited to exploration,
hard to reach locations, and outdoor navigation. Perhaps the largest disadvantage arises from the
complexity of the motion planning and control, particularly when compared to wheeled robots.
This complexity results from the relatively large number of interconnected links, which, in turn,
produces redundancy. Indeed, many legged systems are composed of more degrees of freedom
than are necessary to ambulate in three-dimensional space, resulting in an infinite number of paths

associated with a task.

One of the common ways to circumvent the problem of redundancy and avoid the need for complex
motion planning is to emulate the motions of animals. This is done through imitation learning
wherein; the robot is demonstrated the motions it needs to perform by a teaching agent [1]. It works
by instrumenting an animal with sensors and monitoring its motion. This approach becomes
problematic when it is difficult to instrument the animal with sensors, particularly when the animal
is small, like in insects and arachnids. Furthermore, it is difficult to monitor every kind of motion,
which makes it difficult to translate the monitored data into feedback control algorithms and
additional approaches such as reinforcement learning are needed for deriving the motions every

time the task is even minutely different than the recorded one. [2].

To overcome the before mentioned redundancy problem, one typically derives end effector paths

and/or the inverse kinematics of robot links by minimizing or constraining physical parameters



such as time, joint torque, joint velocity, and energy consumption [3]. In [4], the authors developed
a minimization problem for industrial robots that weights time consumed, joint torques, and power
consumed. They used Sequential Quadratic Programming to successfully derive motions while
avoiding obstacles for the PUMA 560 robot and a 3 DOF planar pick and place task. The authors
of [5] explored a multi-objective optimization function that minimizes joint torques and maximizes
motion smoothness, to derive heavy lifting motions while accounting for the lifter’s age. They
found that younger adults prioritize joint torque while older adults prioritize smooth motion when
lifting heavy objects. For locomotion, the authors of [6] proposed a novel method for deriving
natural looking walking motions for bipedal robots. Instead of attempting to derive the motions,
they allowed the robot to perform pre-recorded reference motions, and then optimized their way
through deriving different physical parameters and mechanical properties of the robot, used in
literature to describe a dynamical model for a bipedal robot. Then, they used the set of derived
parameters to define a “style” of walking for the robot, from which they produced more walking
motions. In [7], the authors compared such optimization criteria as minimum time, least-effort,

minimum angular amplitudes, and minimum head velocity in their human bipedal model.

In legged robots, it is often desirable to emulate life-like walking motion. To obtain them, one can
draw inspiration from the choices animals make, consciously or not, while walking. According to
[8], these choices follow a minimum principle, referred to as the least-effort principle, henceforth,
which corresponds to the tendency to minimize over time total muscular effort. To map this
principle to robots, one can minimize over time the total joint torques, because they are
proportional to muscular tension [8]. While in depth models have been suggested to translate from

the muscle actuation space to the joint actuation space [9], researchers have often relied on simply



minimizing joint torques over time in their mechanical robot models, to obtain motions for robot
manipulation as well as for locomotion [10] [11] [12]. We plan to use a similar method to

determine motions for a tarantula robot walking on a flat surface.

The tarantula is a fairly large and benign type of spider that is abundant in nature. Its primary mode
of locomotion is ground ambulation and, with eight legs and four joints per leg, it has high mobility
and is able to walk on uneven terrain. Hair like setae and claws on their feet and silk weaving legs
allow them to walk vertically and climb upside down, too. These walking capabilities make them
a good choice for bio-inspired robots, especially for exploration. Furthermore, the intricate
coordination between their eight legs generates fascinating walking patterns. If one were able to
reproduce their walking behavior, they could even be a great choice for toy robots. More generally,

though, they would have value to younger and older people alike [13] [14] [15].

While spiders are ubiquitous, it appears that the literature has little about 8-legged robots, as well
as their habitual motion. Also, to the best of our knowledge, no work intends for the robot to
resemble an actual spider. A notable mention is the T8X by Robugtrix [16] which may be the only
robot on the market that closely replicates an actual spider. However, no literature about the motion
planning of this robot is available. Moreover, this robot model treats the Tibia-Metatarsus joint as
a rigid joint. The robot also does not capture certain attributes of an actual tarantula such as the
alternating tetrapodal gait. Our first objective was to demonstrate with the help of the least-effort
principle, a hierarchical framework that can produce life-like motions for a dynamical model —
bearing close resemblance to a tarantula spider walking on a flat surface. Not only does a tarantula

have redundant legs, but it also has redundant joints along each leg, which makes it highly



adaptable to the different walking conditions — at the expense of complex motion planning. This
may be one of the reasons why the existing 8-legged robots [17],[18],[19],[20],[21] were
simplified versions of a tarantula with either lesser degrees of freedom in the legs or without the
objective of retaining the life-like motions and resemblance of animals. Hence, in this article we
will adopt the hierarchical approach — to break down the bio-inspired model of the tarantula into
its elements, starting from a link to a leg and then to the whole spider. This framework can be
further extended to develop more general motions for the spider such as walking on uneven
surfaces or sloped surfaces or jumping among others. Our second objective is to gauge the role of
least-effort in the motions that the tarantula choses to make while walking. While tarantulas
demonstrate a number of variations of walking that depend on ground conditions, certain attributes
are consistently reported by biologists that have studied tarantula motion [22],[23],[24]. Hence,
we aim derive such attributes using the least-effort principle and compare them with those
performed by an actual spider to see how well the theory is able to predict a tarantula’s motion

planning process while walking.



2. Methodology
This section develops a heuristic for deriving the walking motion of a tarantula. We first define a
general kinematic model for the entire spider (2.1) and then we divide the spider into subsections.
We start with deriving general dynamic equations for a single link (2.2, 2.3) and then move on to
solving least-effort optimization problems to derive certain parameters for a single leg. A leg may
have two phases—it may be swinging in the air or in contact with the ground. Each case is
considered separately in 2.4 and 2.5. When the leg is in contact with the ground, certain forces are
developed at the foot, and these forces are investigated in 2.6 and 2.7. The parameters derived in
all these sections aid in reducing certain unknowns when studying the entire spider. Walking gaits
are then derived at the end of this section (2.8) using information and parameters from the

subsections above.
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Figure 1: Model of the Tarantula.



2.1 Spider kinematic model

A tarantula has 8 legs for walking and 2 pedipalps that also aid in walking along with other
functions [25]. In our model, as in [26], we neglect the role of pedipalps in walking. The body is
modeled as a point mass and the leg is a 3-link planar system connected to the body through a
revolute joint that lets the leg rotate about an axis normal to ground (See Fig. 1). The plane holding
the 3 links of each leg defines a leg plane, and within the leg are 3 revolute joints that allow it to
flex, extend and rotate within the leg plane. Hence, the revolute joint connecting a leg to the point
mass is the only joint that allows the leg to move out of plane. In all, the spider model consists of
24 links and 32 joints. Some physical parameters of the spider model are given below Literature

on tarantulas is sparse and the parameters were chosen based on data available in [24] [27] [28].

Table 1: Physical quantities for the tarantula model.

Physical quantity Value Unit | Variable

Spider Body mass (Cephalothorax and abdomen, 0.033 kg M
coxa, pedipalps and chelicerae)

Spider leg link 1 length (Trochanter) 0.025 m Iy
Spider leg link 2 length (Patella-Tibia) 0.025 m L,
Spider leg link 3 length (Tarsus-Metatarsus) 0.025 m l5
Link 1 mass 0.00053 kg my
Link 2 mass 0.00053 kg m,
Link 3 mass 0.00053 kg ms
Total mass of the Spider 0.0457 kg My
Total weight of the Spider 0.4485 N w




2.2 Kinematics

We assume that the leg plane is upward and that the ground plane is horizontal and define an
inertial frame {L} at the body in which the z axis always points upward and the x axis is
instantaneously coincident with the leg plane and points to the right from the body towards the
foot. The leg plane angle, which is denoted by ¢, is about the z axis and the joint angles of a leg
are about the y axis (See Fig. 2). As shown ¢ follows a right-hand rule; it is positive when the
rotation about the z axis is positive. The other joint angles follow a left-hand rule; they are positive
when the rotation about y is negative. The joints of a spider have physical limits and throughout
the paper, we use joint constraints to represent these limits [25]. The joint constraints used are

shown in table 2.

Table 2: Joint Constraints used throughout the paper,

Joint Constraint Physical significance
0, <90° Femur or Link 1 does not collide with the body.
0, <6, Physical limit of the Femur-Patella joint or joint 2 (Refer Fig. 2).
0; <0, Physical limit of the Tibia-Metatarsus joint or joint 3 (Refer Fig.
2).
z4 = Spider height Avoids collision of the foot with the ground.
¢ of aleg > ¢ of all legs Avoids collision of Legs
on its posterior side




Figure 2: Joint angles and leg plane of a single leg.

In the leg frame {L}, the joint coordinates are
Xn = Xn_1 + ln_1€05(0,_1), Yn = Yn-1 Zn = Zn_q + ly_15in(6p_1)
(n=2,3,4)

Transforming to the Stationary frame (S) yields

Xn X1
<yn) _ (y) N
/sy \1/yg

Next, consider a single link, letting 1 and 2 designate its end-points (See Fig. 3). Indeed, we let

cos (p) —sin(¢p) 07 /%n
sin (¢p) cos (¢) O] ()’n)

O 0 1 ZTl {L}
x1(t), x5 (t), y1(t), y2(t), z1(t), z,(t) refer to the coordinates of the end-points in {S}. The x

coordinate of the mass center (denoted by C) of the link is

x1(t) + x2(¢)
xe(t) = =
Similar equations apply to the other coordinate directions. Also, for the x coordinate direction of
the velocity of the mass center and the acceleration of the mass center, for small € we have

dxc _ xc(t+€) —xc(t) _ Avex _ Vex(t+ &) — vy (8)

Vpy = ) a =~
T de € Cx dt €

where, again, we have similar equations for the other coordinate directions.



Figure 3: Free body diagram of a single link.

Next, let us define a new body frame {B} whose origin is located at C, whose x axis is along the
length of the link, and whose y axis is perpendicular to the leg plane (See Fig. 3). In the new body

frame the 3 x 3 inertia matrix of the link is constant. The rotation matrix of the new frame is
cos(@)cos(¢p) —sin(¢) sin(6)cos(¢)
R(—0,¢) = |cos(0)sin(¢p) cos(¢p) sin(6)sin(¢p)
—sin(6) 0 cos(0)
where 6 corresponds to the link. The transformation between the unit vectors is

S

S3

[y

S S SO
N

Therefore,

Vewy = R veqs)

dveisy  d dR
acrsy = —g— = g (Rvesy) = Ve o + Races)



SO

9 dR
acgy = R™7(acgsy — Ve E)

where,
dR(t) _R(=6(t+&),¢(t +¢)) = R(=6(1), $(1))
dt ~ -
Similarly,
d —
Weis) = Rty 50 eqmy = wdc:B} = R™H(@ags) = Pag fz_I:)
where,
d(O)sin (-0()]  [-d(®)sin (B(1))
Weipy = . Ja) =1 0
¢ ()cos (—6(1)) ¢ (t)cos (6(t))
And, sy = ‘*’C{S}(”fi—wC{S}(t)
2.3 Dynamics

The governing force and moment equations are

Fg = mw¢py X vegpy + Macp

Mg = Igacpy + wegpy X [pwepy
We can balance the forces and moments for each of the six degrees of freedom of the link using
the above equations and derive general equations for any collection of forces and moments acting
at the ends of each link. All force, moments and kinematic quantities will be considered in the {B}
frame as described above and we drop the {B} subscript from here on. However, the forces are

oriented along the leg frame {L} as shown in Fig. 3 to maintain consistency in their directions by

10



making them independent of the link orientation as each link of the leg is analyzed one after
another.
We have:
Force balance along the x, y and z axis:

Fy cg+tFys_g—F cg—F,s.g—mg.s_g =macy + m(w¢ X v¢)y

F, — F1, = macy + m(w¢ X Ve)y

Fyc_g—F, s_g—Fy,c_g+F 59 —mg.c.g =mac, + m(wc¢ X v¢),

Moment balance about the x, y and z axes:
My, c_g— My Ccg+Mys_g—M,s_ g =0
(Since I, = 0 for a slender link)
M,, — My, + 050 F; s_g+0.50Fy s_g — 0.5l F;,c_g — 0.5l Fy c_g = Lyacy + (we X lwe),y
—My,s_g+My,s_g + My c_g— M c_g+05F, 1 +05F | =lac,+ (we X lwe),

This can be converted into a matrix and can be solved for each link starting from the farthest link

from the body or link 3 to the nearest or link 1. The matrix form of above equations is:

F, —F, cg + F, s
—cy 0 S 0 0 © T« 2 _BF 270 —mgsg
0o -1 0 o o o ||f 2 o
—s 0 —cp o o0 o ||Ff,]_ —F,co = F,50 L ™% |, [m[ac]] 4 [m[wc X vC]]
0 0 0 —cg 0 s ||My | —M;,co + My, 5q 0 Iac] [we X Towc]
—05ls9 0 —05lcg 0 —1 0 f|M, | |-My, +05l(F,sp+F,co) 8
0 05 0 =sp O —Collyy | | —M, e Myco—05F, L

We call this the matrix equation for a leg. When the spider is walking, some of its legs may be
contacting the ground to support the body while the rest are swinging in the air. Thus, each leg has

two states, the stance phase, when the foot of that leg is on the ground and the swing phase when

11



it is in the air. Each leg attains both states in a single walk cycle. We consider each of these cases
separately below:

2.4 Leg in the air phase (The swing phase):

When the leg is in the air, its one end is a free end and f,, = f2,, = fa, = My = My, = M5, = 0
for the 3" link (that is, no force or moment acts at the foot of the spider)

Hence the above matrix for the Link 3 (substituting = —65 ) simplifies to:

[mgsin(93)] [ MUpx | [ MWpx X Vpy ]
| O | mUBy m(l)By X vBy
_ _|mgcos(63) muvg Mgy X Vpy
T(=03).Fipjnkz = 0 + 0 Z 1+ 0
0 Igyipy| |@By X IpyWay
0 -IBZO:)BZ' Lwpz X IBszz—
Similarly using 8 = =6, and Fy,, ., = —Fq, ;. andthen§ = =0, and Fy . . 1 = —F1;,0 5

the reactions for link 1 and 2 can be found iteratively. Thus, the moments in each joint of the
Spider’s leg during a time interval can be found in this manner, when it is in the swing phase and

its joint space is known during the time interval.

Least-effort problem for leg in the air (Least-effort Problem 1 or LEP 1):

When one of the legs of the spider is in air, it is basically an open chain manipulator with 4 degrees
of freedom, from the 4 revolute joints. If the objective of the leg is to move its foot from one given
point to another, there are an infinite number of trajectories that the foot could take. Once the
trajectory of the foot is determined, we are still left with one degree of freedom for the 3-link open
chain manipulator. Hence there is natural redundancy in the legs of tarantulas. Consequently, some
decision making is involved in determining the foot trajectory as well as the last degree of freedom
that basically determines the shape of the leg as its foot moves along the trajectory. We use the

12



least-effort criterion to determine the joint space of the leg when it wants to move from one
configuration to another.

Some parameters are already specified for this problem. These are the initial and final positions of
the foot, the initial configuration of the leg stated in the joint space and the total time to complete
the motion. These parameters come from the final optimization problem described later. It is also
worth mentioning that when the leg is swinging, the body may not be still. However, the dynamics
of the body are assumed to not affect the leg movement since the body of the spider moves much
slower compared to the leg swinging movement. Hence the body is assumed as a fixed ground link

in the analysis of the swing phase of the leg.

The foot position is described in 3 dimensions using the polar coordinate system and represented

by d, 6z and ¢ as shown in figure 4 for two different configurations.

Figure 4: The four parameters used to define the leg configuration in an initial state (solid) and a final state (dotted).

13



The motion of the foot as it goes from the initial to the final position is defined with respect to
time by using a rest-to-rest cubic interpolation of its 3 polar coordinates. Once, the position of
the foot with respect to time is defined, another parameter is needed to completely define the leg
since it has one redundant degree of freedom. We choose this parameter to be the first joint angle
6, and use cubic interpolation to define 8; with respect to time. Once 8, and the foot position are

defined, the remaining to joint angles can be determined using trigonometry.

For each cubic interpolation, a scaling parameter ‘s’ can be used as follows:

s(t) = ag + ait + ayt? + ast3
‘s’ is known as the scaling parameter, which is 0 when the leg is at its initial position and 1 when
the leg has reached its final position. T is the time taken to go from initial state to final state and
T; is the time at which a parameters departs from the initial state and T, is the time at which is
reaches the final state. Each of the four parameters may have a different T, and T,. Also, for rest-

to-rest motions, s’(t) = 0 att = T; and t = T,. Using these conditions, we get:

s(t) =0 t<T,
3.(t—Ty)?* 2.(t—-Ty)3

S(t) = TZ - T3 L T]_ <t S T2

s(t) =1 T, <t

And,
d(t) = dy + s, (t)(dy — dy)
Or(t) = Opy + 595 (1) (O, — Ory)
P(t) = 1 +54(0) (P2 — P1)

01(t) = 01, +s9,(£)(01, — 61,)

14



As mentioned above, a predefined and fixed time interval is allotted to the leg to go from an initial
to a final configuration and all the effort expended in the joints of the leg during this interval are
considered in the least-effort objective function. We call this time interval, the interval of
consideration and denote it by T,,4. Hence, while T,T; and T, are defined for each of the 4

parameters, T,,,4 is defined for the overall leg motion.

The variables for the optimization problem are chosen as the T; and T, times of the above
parameters. There is a total of 8 of these for the above 4 parameters and they all lie within the
interval of consideration with T, > T;. The variables are used to derive the joint space of the leg
for performing a swing which can then be used to derive the moments in the joints to perform that
swing using the matrix equation for the swing phase. The objective function for LEP 1 is defined
as the integration of the absolute moments in the 4 joints of the leg over the time interval of

consideration. Joint limits are treated as soft constraints and penalized in the objective function.

+ ks. JCVP(9(1), 01(8), 02(1), 63(1))))dt

Link 1

Tena 3
JLep1 = f (z ky |M1y(t)| _ + k4|Mlz(t)|
0 o~ Linkn

The first term represents the moments in the revolute joints at endpoint 1 of the 3 links, the second
term represents the moment in the revolute joint connecting the leg to body and the JCVP term is
the Joint Constraint Violation Penalty term which penalizes the objective function every time the
joint constraints are broken. k parameters are used to weigh each term in the objective function

depending on joint capabilities.

Physical significance of the variables: Out of the 8 variables, 6 are concerned with the parameters
that define the foot position. These variables determine to a degree, the path that the foot will take
from initial to final position, since the shortest path for the foot is not necessarily the least-effort

15



path for the leg. For example, as shown in figure 4, the leg may take path A if T, ;, and T, are

smaller than T, or and T, or respectively (causing the leg to flex first and then rotate), and it may

take path B if the opposite was true. The remaining 2 variables are concerned with 6; and
determine in a way, the shape of the leg or how the leg looks, as it goes from the initial to the final
configuration. It is not necessary for any of the variables to coincide with the start or end time of
the time interval of consideration. In such cases there are two possibilities, there is either a lag at
the beginning of the time interval before the legs starts its motion (7; > 0) or the leg completes
its motion early and then waits at the end position till the time interval of consideration is complete
(T; < Tena)-

As was discussed above, the foot position at the end and start are known for this problem. In other
words, parameters veng, Tstart Or pngr Or stqrer Pstarts Pena are already known before solving the
problem. Also, the leg configuration (All joint angles values of the leg) at the start of the motion
is known since this is an initial condition. Hence 0, _, ., is given already. In some cases, however,
the final configuration of the leg and its joints may not be known. In these cases, we let
optimization take care of it and 6, , is also passed as a variable. Thus, the end configuration is

left to be determined by least-effort, making the number of variables 9 in all.

Once this problem is solved, we get the configuration of the leg in the joint space with respect to
time for least-effort, as it swings from one given position to another. Hence, LEP 1 be used as a
subroutine whenever one wants the spider to move its leg for performing higher level motions like
walking, jumping, or climbing. Motions that require more than one swings may be divided into

phases and LEP 1 can be used to solve for each phase. For example, while walking, a spider first
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lifts its leg and then places it on the ground for the next walking cycle. These represent 2 swings,

and each swing can be solved individually using LEP 1.

2.5 Leg on the ground phase (The stance phase)

The stance phase of a leg begins as soon as it contacts the ground plane. The leg is then involved
in supporting the weight of the spider. A different approach is needed in the analysis of the legs in
stance phase since they are not independent of each other.

A standing object needs to contact the ground at 3 points with its center of mass inside the triangle
made by the contact points to maintain stability. A spider has 8 legs and each of these undergo a
stance phase and a swing phase once during a walk cycle. The stance phase of each leg is longer
than the swing phase and hence the spider will always have 4 or more legs in contact with the
ground given that it walks symmetrically [24]. Hence its walking motion is over defined at all
points of the walk cycle as long as it has its center of mass within the polygon formed by the leg
contact points. This redundancy gives a spider much more freedom in deciding when to place a
leg and where to place it with respect to the body while walking and we use a least-effort problem
to shed light on these decisions. However, before moving to this problem (the final optimization

problem), we discuss Least-effort Problems (LEPs) 2 and 3 as its prerequisites.

Least-effort problem for a leg in the stance phase (Least-effort Problem 2 or LEP 2):

The purpose of LEP 2 is to find the best configuration of a stationary leg in the stance phase.

As described before, each leg has 4 degrees of freedom. When the leg is placed on the ground, 3
degrees of freedom are reduced and the last degree of freedom which determines the shape of the

leg once its endpoints are fixed is found using least-effort.
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The last degree of freedom can be defined by 68, (angle between link 1 and horizontal) and we
choose this angle as a variable.

For a stationary leg, the velocity and acceleration terms (D, and D,) are zero.

A normal reaction force acts at each foot and this force is determined externally (see below).
Moreover, a horizontal force resulting from the friction and adhesive forces acting at the spider’s
foot is assumed to be acting in the leg plane and pointing radially inwards. We call this force as
the ground plane force.

Hence the link matrix equation for the 3 link simplifies to:

Fy cos(03) — Fy sin(63) ] [mgsin(6s)]
0 0
T(=65)F _| ~Fncos(83) — Fysin(6s) | |mgcos(03) |
37 Link3 10 5F, Isin(05) + 0.5Fylcos(63) 0
0 0
0 | 0

Where Fy and Fy are the ground plane and normal forces acting on the foot.

Similarly using 6 = —6, and 7, . ., = and then = -6, and 7y, ., =

~FiLink 3 ~FiLink 2
the reactions for link 1 and 2 can be found iteratively. Thus, the moments in each joint of the
spider’s leg can be found when it is in the stance phase. The objective function is simply the sum

of absolute values of the moments.

3
JLEP2 = § |M1y| .
linkn
n=1

The revolute joint connecting the leg to the body is not involved here since the leg is static.
The inputs for LEP 2 are the location of the two end points of the leg (The body and the foot) and

the forces acting at the foot of the body. (Normal and ground plane forces)
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2.6 Calculating the normal forces:

Spring 2

Spring n

Spring 3

Figure 5: Equivalent spring mass system of the spider with n legs in contact with the ground.

The normal forces acting on the foot of each leg of the spider when it stands, or walks depend on
the number of legs in contact with the ground at once and the distance of each foot from the center

of mass of the spider.

Since this system is usually statically indeterminant (More than 3 legs are in contact with the
ground at once), it is solved by treating it as an equivalent spring mass system where the entire
spider is treated as a mass supported by legs which are treated as springs with unit spring constant
(k = 1). To balance the moments about the horizontal directions, the spring farthest from the
center of mass displaces the least while the nearer ones impart more force and accordingly displace
more. This equivalently results in a reduced normal force in a leg as the distance between the foot
and the center of mass increases. This is described using equations as follows:

Let the number of legs in contact with ground be n, where:

3<n<8
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Then the deformation in each spring is the superposition of the longitudinal deformation along the
z axis, z,, and the angular deformations about x and y axis a and y. z; is the deformation in the
ith spring and W is the total weight of the spider. We have,

z, = z,, + tan(a) (y;) — tan (y)(x;)

z, = z,, + tan(a) (y,) — tan (y)(x3)

z3 = z,, + tan(a) (y3) — tan (y)(x3)

Zn = 2y + tan(a) (yn) — tan (y) (x,)

Force Balance: 22,42+ otz = _% =W

Moment balance about x:

—Y1Z1 — Y2Z2 — Y323~ — YnZn = 0
Moment balance about y:

X1Z1 + X3Zp + X323 + -+ x,2, =0
Hence:

nz,, + tan(a) <Z yl-) — tan(y) <Z xi> =-W

i=1 i=1

n n n
—(Z yl-)zw =) yitan(@+ ) xy;tan(y) = 0
1 i=1

i=1 i=

+ <zn: xi> zZy + i x;y; tan(a) — z x2tan(y) = 0

n
i=1 i=1

n Z Vi - Z Xi z, W
22 2ol
Xi XiYi — ) X
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After solving the above matrix and substituting the derived values to find z;, we get the normal

force acting on the ith foot.

2.7 Calculating the ground plane forces (Least-effort Problem 3 or LEP 3):

When the spider is standing, the ground plane forces at its feet alleviate the joint effort it must
exert to keep standing. We calculate these ground plane forces for a standing spider next for any
number of legs between 3 and 8 in contact with the ground using LEP 3.

As stated before, all ground plane forces are assumed to point radially inwards (that is, they lie in
the leg plane of each leg). To understand the reasoning and intuition for this, one can imagine
standing on their 4 limbs together. When the contact points are far enough for slipping to begin,
the feet (and hands) tend to slip approximately radially and before slipping occurs, friction tends
to prevent leg extension and slipping along this direction. Hence the direction of the ground plane
forces can be approximated to point radially inward, and the only unknown is its magnitude. For
a given set of feet positions, the normal forces are first calculated at each foot as described above.
An optimization problem is then formulated with n variables for n ground plane forces, one for
each of the n legs in the stance phase. Here,

3<n<8
The resultant of these forces is zero in the ground plane and hence the variables are subject to 2

constraints. The constraints are described as follows:
Fy, cos(¢1) + Fy, cos(¢z) + Fy, cos(ps) + -+ + Fy, cos(¢n) =0

Fy, sin(¢) + Fy, sin(¢;) + Fy,sin(¢p3) + -+ Fy, sin(¢,) =0
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Where, ¢, is the leg plane angle of the nt" leg. For each run of the optimization, the leg
configuration of each leg in stance phase is calculated from LEP 2. The objective function is the
sum of absolute value of the constant moments generated from standing while the set of n ground
plane forces act on the feet of the spider. These moments can be calculated from the stance phase
matrix formulation defined in section 2.5.

n 3
JiEPs = § } |M1 |
’ Ylink jof leg i
=1 j=1

Thus, the set of n forces that generate least moments in the joints is selected.
2.8 The Final Optimization Problem

The FOP is used to derive complete walking gaits for the spider and all associated joint angles as
it walks on a flat horizontal surface. Walking of all animals is cyclic in nature and is performed by
repeating the same motions after each stride. Hence in our problem, we consider only a single
stride, and all associated joint moments exerted while performing this stride. We call this interval,

the walking gait cycle due to its cyclic nature.

For every complex system, a few assumptions are required to simplify the problem. One of the
important assumptions we make to simplify our problem formulation is symmetrical walking about
the sagittal plane. Thus, every motion performed by the legs on the right side of the spider will
also be performed by the corresponding legs on the left side of the spider after half time of the
walking gait cycle. This reduces the number of variables by half and aids in a much easier and

accurate analysis. The duty factors for each leg (The fraction of the walking gait cycle for which
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the leg is in the stance phase) are stated beforehand using information from previous studies in
biomechanics [22],[24],[27],[28]. All swing phase motions performed during the walking gait
cycle are calculated independently from the remainder of the spider using LEP 1 and a leg that is

in the swing phase is assumed to not affect the rest of the spider since it is much lighter in weight.

Another important assumption is that of the quasi-static walking condition of the spider. Under
normal conditions, a tarantula moves relatively slowly except for when it is in danger or in a state
of urgency especially while hunting [25]. Our studies showed us that when in support phase, the
static forces dominated the dynamic forces by a factor of 10 and accordingly, a tarantula spends
much more effort in standing than in propelling itself to walk. For this reason, we treat the stance
phase as a quasi-static problem because this allows for a more rigorous yet simpler analysis of the

walking gaits. When a leg is in the support phase, the dynamic forces it produces at its feet for

Ry fp==m=== -==n
: * Rn _____ T — = =
Ry e = = m - == — ] ! 1 !
1 Ln : 1 o :
Ry b ——--- S L L
R, L
1 T, T T
R, l——— = = = — = ——— tf v Teyete
= 4 X y
hQ_-Jl |
I
Ll : Ground plane %
| ‘ N
1
L3 I
I
Ly !
Time Tcycle

Ground plane

Figure 6: Illustration of various notable parameters used in the FOP. A sample gait phase diagram (left) is shown for the spider.
Gait phase diagrams on top right illustrate the times when the phase of a leg is flipped from the stance or swing phase. Figures

at the bottom right illustrate the leg radius (r) and the leg plane angle (¢).

pushing and steering the body are neglected. Each position that the spider passes through to

perform the walking motion (hence the quasi) is treated as if the spider was standing in that position
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(hence the static) and the effort in the joints for all these stances are integrated over time giving
the complete effort expense for the walking gait cycle.

The FOP comprises of 12 variables. Each of the 12 variables are described in further detail below.

Description of variables (refer to Figure 6):
As shown in the figure, each leg has a single T; time (when the leg is placed on the ground) and a

single T, time (when the leg is lifted from the ground) per walking gait cycle. A leg may contact
the ground in one cycle and break contact in the next cycle (resulting in T; falling after Ty for that

leg in the walking gait cycle).

The first 4 variables are selected as the T; times of the 4 right legs of the spider. The T; times of
the 4 legs on the left are determined using left-right symmetry while walking with the help of the

following equations:

TiLn = Tier + Tcycle/2
Where L and R denote Left and Right respectively and n = 1, 2, 3, 4 for the four legs on each side.
Tcycie 1S the total time of the walking gait cycle.

The T times of each leg are determined using the equations:

T =T, + Typ

Te" = T/™ + Ty

Where DF stands for Duty Factor and Ty the time for which a leg is in the stance phase.

The next 4 variables influence how far a leg is placed from the body while walking. As seen in

the figure, r or the leg radius is defined as the component of the distance along the ground plane
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between the foot of a leg and the body. The next 4 variables are selected as the values of r for the

4 right legs, when they contact the ground (that is, at time t = TL.R"). They are denoted by r#» and

n denotes the nth leg. Note that r®» at Tl.R" is equal to rin at TiL" (Due to symmetry).

The last 4 variables influence the direction of the legs as the spider walks. The leg plane angle of

the nt" leg on the right is given by ¢®». The last 4 variables are selected as the values of ¢ of each

of these 4 legs, when they contact the ground (that is, at time t = TiR”). Note that ¢p*» at Tl.R“ IS

equal to ¢l at TiL" (Due to symmetry).

Table 3: List of all parameters used in the FOP.

Parameter Equivalent to Description
Time instant in the walking gait cycle at which the nt"* leg on the
T Variables 1-4 forn = 1,2,3,4
l - ) ) )
right contacts the ground
ime i i i ; i h
TL" TR" T Time instant in the walking gait cycle at which the nt" leg on the
i i cycle
left contacts the ground
TR" TR” + TR” Time instant in the walking gait cycle at which nt" leg on the right
f i DF
enters the swing phase
TLn TL” + TL" Time instant in the walking gait cycle at which n® leg on the left
f i DF

enters the swing phase

rfn (AL TS

Variables5-8 forn =1,2,3,4

Component of distance along the ground plane between the body

and the foot of the n'" leg on the right when it contacts ground

rln (ALT™)

rRn (At Tl.R"), Variables 5-8

Component of distance along the ground plane between the body

and the foot of the n'" leg on the left when it contacts ground

¢Fn (ALT™)

Variables 9-12 forn = 1,2, 3,4

Leg plane angle of the nt" leg on right when it contacts the ground

Pl (ALT™)

PFn (At Tl-Rn), Variables 9-12

Leg plane angle of the nt" leg on left when it contacts the ground
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All parameters and variables related to the walking gait cycle are summarized in table 3.

Deriving the objective function value for the FOP is a procedure explained using a flowchart
shown in figure 7. As described in the flowchart, the variables from an optimization run and the
physical parameters of the spider such as mass, link lengths, duty factors of each leg are needed to
initiate the calculation of the objective function. Once these are supplied, the next thing that is
done is finding the stance and swing phases of each leg. This is done using the first 4 time variables
and the duty factors of each leg. Each time step of the walking gait cycle can be classified as a
stance phase or a swing phase for each leg. A leg would change its state exactly twice during one
cycle. For a given stride length, velocity and body height, the body position at each time instant is
calculated next. The body moves in a straight line along the direction of the given velocity at a
fixed height. The velocity of the body is a modelled as sinusoidal with 2 crests and 2 troughs per
walking gait cycle [28]. Using the body and foot positions (determined by 8 of the variables) the
values of r or the leg radius and ¢ or the leg plane angle can be found during the stance phases for
each leg. Since the foot positions are known at this point, the normal forces at each leg can be

found using the equivalent spring-mass system in section 2.6.

The leg configurations in the stance phase are then calculated using LEP 2. However, it must be
noted that the ground plane forces which come from LEP 3 and are needed for LEP 2 are not
known at this point, since it is necessary to define the complete joint space to solve LEP 3. To
resolve this, we supply the ground plane force as a variable to LEP 2. This is done because the
ground plane forces are also supplied as a variable to LEP 3 and both the LEPs have the same
objective of minimizing the joint efforts. The difference is that the ground plane forces coming

from all the legs are coupled in LEP 3 through 2 constraints that ensure that their resultant is 0.
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These constraints may obscure the ground plane forces from what they would have been if each
leg was treated independently (as in LEP 2). However, our studies have shown that the optimal leg
configuration remains the same for a large range of ground plane force values. We call this leg
configuration as the 6, .. configuration and it is discussed in further detail in the results section.
This particular optimal configuration has a wide low effort region and is discussed later in the
results section.

Once the leg configurations are completely defined in the joint space, the actual, coupled ground
force values can be found from LEP 3. At the same time, all the swing phase motions of each leg
during the walking gait cycle are found using LEP 1. The final and initial leg configurations of the
stance phase become the initial and final leg configurations respectively of the swing phase.

Now that the leg configurations and all the external forces are known, the effort in the joints can
be evaluated from the matrix equation of each of the 24 links. The effort cost for the entire spider
during the walking gait cycle can then be calculated as follows:

Total effort in the walking gait cycle:

i=1

8 3
Tcycle
Jrop = ke. (ALED) +f Z (Z M|+ kM O] k1> + ks, JCVP(¢:(0)) | dt
0 Link j in
Leg i

=
ALED is the Leg Effort Difference term representing the total of the difference between the effort
values of each leg. It is included to ensure that all legs contribute a similar amount of effort, and a
few legs are not taking much higher load than the rest.

JCVP is the Joint Constraint Violation Penalty that ensures that the feet of all legs are within their
range and that the legs do not collide with each other. Thus, this procedure gives the best set of 12
variables that minimize and equalize the effort in the spiders legs while walking. These 12

variables are used to reconstruct the walking gait for the spider walking on a flat surface. To make
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the spider walk along a different direction, we simply turn the frame of reference and align it with

the direction in which the spider is walking.

Duty factors

Physical parameters
—®  Determine the
. » stance and swing
12 variables -
of FOP » phase of each leg

Derive the body motion

L

Derive the foot positions

Y

Calculate normal forces

k J

Calculate leg
configurations during
stance phase

! !

Calculate ground plane Calculate leg
forces using LEP 3 configurations during
swing phase

l .

Calculate the total
effort and constraint
violation penalties.

Figure 7: Flowchart of the complete procedure of calculating the objective function for the FOP
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3. Results
In this section we shed light upon the various motions performed by the tarantula spider while
walking as derived by our hierarchical procedure of optimization. Since each least-effort problem
holds some physical significance, we discuss the results of each LEP separately, followed by a

discussion about the final walking gaits obtained from FOP.

3.1 Least-effort Problem 1 Results:

As discussed above, LEP 1 gives the configurations of a leg in the joint space as it swings its foot
from one position to another. The swinging motion of a particular leg is treated independently
from the rest of the body and legs. LEP 1 is expected to provide fluid, natural swing phase motions
similar to the ones performed by a tarantula. To find the degree of resemblance in the derived
motions, we compare them in figure 8 with a single swing of a tarantula. The first series of images,
the 'a’ series are screenshots taken from a YouTube video of a tarantula walking on a flat surface
[29]. The second series or the L series is that obtained from least-effort while the 3™ series or the
s series show the motion performed when the foot takes the shortest direct path from the initial to
final position. All the screenshots are taken at uniform, equally distributed intervals of time in each
series. The motion demonstrated in the figure is a common reaching out motion performed by the

forelegs of the tarantula while walking. The path traced by the foot in each case is shown by red.
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Figure 8: Series of images showing a leg flexing for same initial and final conditions. The ‘a’ series was taken from an online video
of a spider. The ‘L’ series show the motion derived using least effort principle. For the ‘s’ series, the foot follows a straight-line

path from initial to final position. White lines overlapping with the leg links are drawn for the first series for easier comparison.

From the figure, it is clear that the least-effort or the L series tends to keep the leg closer to the
body for a longer time before extending it (see link 1 in L series). Overall, the L series matches
well with the actual motion of the tarantula. The s series wherein the foot follows a straight line
tends to form a trapezium like shape due to early withdrawal of the first link whereas the L series

tends to lift the leg first and then extend it outwards.
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3.2 Least-effort Problem 2 and 3 Results:

Least-effort problems 2 and 3 have more to do with how the legs behave when they are in contact
with the ground and are supporting the body as the spider walks. As stated before, even though
dynamics are considered for when the leg is swinging, the spider as a whole is treated as a quasi-
static system and each time step of the walking gait cycle can be treated as if the spider was
standing in that position at that time step. Hence, LEP 2 and LEP 3 are static problems used for

the stance phase to find best case scenarios for when the spider is in a fixed position.

For LEP 2 which gives the leg configuration that produces minimum effort in the joints for a given
foot position and set of foot forces (normal force and ground plane force), it is observed that the
spider tends to keep the first link as close to the body as possible. This may be done to keep the
leg mass close to the body. Since the first joint is physically constrained to be below 90°, the first
joint angle as derived by LEP 2 is at its physical constraint limit of 90° (refer table 2) when the
foot is closer to the body while it is at its geometric limit (causing links 2 and 3 to form a straight
line as shown in figure) when the foot is farther from the body (See Fig. 9). This configuration can
be called as the 6, . configuration and it is the optimal configuration for a wide range of ground
plane forces applied at the foot. Figure 10 shows 2 curves for the two cases of foot-positions shown
in Figure 9. These curves represent the optimal 6, (represented by ;) and the associated cost

value from LEP 2, plotted against various values of ground plane forces ranging from 0 to 40% of
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the spider’s total weight. The normal force applied at the foot is constant 0.25 times body weight

for both cases. It is apparent that the 6, . leg configuration (which is 90° or the geometric limit,

Normal Normal
force orce

34.49°

Ground Ground
plane force plane force
r=10.025m r=0.0625m

Figure 9: Least effort leg configurations derived from LEP 2 shown for two locations of the foot. The foot is nearer to the body

resulting in a smaller foot radius and 6,,,,.. = 90° while the leg is stretched out in the 2" case resulting in a large foot radius

Degrees

and 6, is atits geometric limit.
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Figure 10: The 6, . configuration region is illustrated for two-foot positions and the associated effort variation with the

ground plane forces is shown for each case. Effort has been scaled to fit the same window as 6, .

whichever is smaller) holds true for a wide range of ground plane forces. Let this region be called

the 6, ,, configurations region and we define it as the range of ground plane forces where 61
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does not change by more than 5° from 6, . The 8, . configurations region for the 2 cases are
shown in the plots. This result proves useful when evaluating the objective function for FOP where
the ground plane forces need to be approximated in LEP 2 to find the leg configuration, since they
come from LEP 3 which cannot be solved without solving LEP 2 first. Hence the plots reveal that

even with approximations for ground plane forces, the 6, .. leg configurations derived from LEP

2 may be near optimum configurations for the ground plane forces derived from LEP 3.

Another notable observation is the angle made with the ground plane by the 3rd link when the foot
is far from the body (2" case in Fig. 9). This is a common case for the anterior legs of the spider
that need to stretch out before entering the stance phase for pulling the body forward while
walking. Studies have shown that as the anterior legs stretch out in the air, they approach the
ground with a 30° angle. This might have to do with minimizing joint efforts of the leg for its
upcoming stance phase. With a spider having to extend its anterior legs by over two link lengths

while walking, the 6, leg configuration as derived by LEP 2 results in an approach angle of

about 30° as shown in figure 9.

on of

body weight)

Ground plane
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Figure 11: Variation of the optimal ground plane force with Leg radius and Normal force. The ground plane force for a leg

increases with an increase in normal force and leg radius.
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Moving on, we have LEP 3 that is concerned with finding the best set of ground plane forces acting
at the feet of the legs in the stance phase. Figure 11 shows the dependance of the ground plane
force on the leg radius r as well as normal forces acting at the foot. In all cases the leg configuration

is the 6, ... configuration. The ground plane forces increase linearly with the normal force since

this means that the weight load of the body on this leg is increasing.

AR AAA

Figure 12: Demonstration of optimal ground plane forces derived from LEP 3 using red arrows as the body moves from the blue

dot to the red dot. Larger arrows represent a larger force. The blue arrow represents walking direction.

The relation with foot radius is linearly increasing till a foot radius of 0.03 and this relation
becomes exponential with further increase in radius. When the foot radius is 0.03, the leg
configuration crosses its zone of physical constraint limit for 8, and enters the geometric limit
zone. In other words, 87 is 90° till this point and reduces according to the geometric limit as the
foot radius increases over 0.03. However, these relations do not always hold true, since the ground
plane forces are constrained by two equations that bring about their resultant in the ground plane
to be zero. The progression of ground plane forces for a alternating tetrapodal walking gait as
derived by LEP 3 is shown in figure 12. The LEP 3 is solved for each time step of the walking gait

cycle.
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3.3 The Final Optimization Problem Results:

This section lays out results for the final optimization problem that is concerned with holistically
deriving the overall walking motion and the decisions taken while walking, such as which legs to
use and when to use them during a walking gait cycle and also, how these legs should be placed.
The problem also makes use of LEP 1,2 to determine movements within each leg as they are
extended and retracted while walking and LEP 3 to determine the ground plane forces at the feet
at each time step of the walking gait cycle.

Some of the important results of this problem are the group of legs used at a time (an important
factor in determining the walking gait of the spider), and the overall foot placement location.
Abnormal foot placements may lead to a high amount of unbalance as the spider walks leading to
tremendous effort in the joints of certain legs. The weight of the spider should be well distributed,
and the gait should allow the spider to use each of its legs uniformly to allow for a smooth and
fluid walking motion. Also, using a specific group of legs at a time would lead to better balancing
and weight distribution. For example, using all the legs on the left side at one time and then the
ones on the right side next (similar to how a human walks) would be difficult to do for a spider
since its body weight is not directly above its feet and would result in tremendous efforts in the
joints. Research has repeatedly shown [22],[23],[24],[27],[28] that a spider’s walking gait
approximately involves an alternating tetrapodal gait where in four alternate legs (such as R1, L2,
R3, L4) do the work for one half of the walking gait cycle and the next four alternate legs (L1, R2,
L3, R4) work for the next half. These are some of the results we look forward to deriving through

least-effort in this subsection.
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As stated before, this optimization problem comprises of 12 variables, first 4 of which determine
when the legs establish contact with the ground and next 8 determine where the legs are placed
during the walking gait cycle. Tables 4 and 5 show the optimization results for the FOP. A total of
45 Optimizations were carried out using the genetic algorithm for two stride lengths: 0.035 m and
0.038 m. Evidently, GA did not always converge to the same set of optimal variables. Firstly, due
to the symmetry assumption, two sets of optimal variables may have identical solutions for the 8
leg placement variables while the four time variables in the sets may be offset by T¢,,¢;./2. Thus,
the movement produced by the first set would be a left-right mirror image of that produced by the
second. Secondly, since the objective function is not perfect but involves a number of assumptions
and approximations, GA may find other solutions that have a low cost for our objective function
but in reality, consume more effort. Furthermore, for the same reason, we treat a range of objective

costs as acceptable instead of just picking the one with the lowest cost.

The alternating-tetrapodal gait patterns that exist in nature were also some of the solutions found
by the GA and they are marked in green. Out of 45 runs, GA converged to the expected alternating-
leg gait pattern in 21 runs where 9 were found for the 0.035m stride length and 12 for the 0.038m
stride length. Out of all the green runs, run #15 has been selected for further discussion, since this

best matched what we observe in tarantulas while also having a comparatively low objective cost.
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Table 4: Optimization results for stride length of 0.035m.

Foot Location Variables

Run Time Variables in sec Obj
Leg Radius (r) incm Leg Plane Angle (¢) in rad cost

1 5.82 | 453 | 2.27 | 1.45 | 1.258 | 0.785 | -0.037 | -0.806 | 0.50 | 0.04 | 0.41 | 0.33 | 5855
2 574 | 496 | 3.32 | 1.62 | 1.447 | 0.785 | 0.000 | -0.785 | 0.06 | 0.42 | 0.02 | 0.30 | 5791
3 577 | 497 | 3.14 | 1.41 | 1.198 | 0.785 | 0.000 | -0.792 | 0.03 | 0.29 | 0.69 | 0.26 | 5609
4 574 | 458 | 3.08 | 1.34 | 1.315 | 0.785 | -0.082 | -0.785 | 0.47 | 0.04 | 0.44 | 0.72 | 5841
5 585 | 453 | 2.28 | 1.44 | 1.238 | 0.785 | -0.090 | -0.788 | 0.46 | 0.74 | 0.34 | 0.28 | 5596
6 585 | 423 | 207 | 1.39 | 1.230 | 0.785 | -0.052 | -0.785 | 0.42 | 0.75 | 0.31 | 0.27 | 5569
7 583 | 424 | 3.00 | 1.55 | 1.554 | 0.785 | -0.170 | -0.785 | 0.51 | 0.25 | 0.65 | 0.76 | 5907
8 588 | 494 | 351 | 1.34 | 1.464 | 0.785 | 0.000 | -0.785 | 0.08 | 0.51 | 0.11 | 0.33 | 5826
9 585 | 492 | 288 | 1.70 | 1.269 | 0.785 | -0.009 | -0.785 | 0.50 | 0.67 | 0.27 | 0.35 | 5566
10 578 | 494 | 3.15 | 1.42 | 1.209 | 0.785 | 0.000 | -0.787 | 0.80 | 0.28 | 0.68 | 0.25 | 5623
11 589 | 491 | 297 | 158 | 1.291 | 0.781 | -0.014 | -0.786 | 0.54 | 0.72 | 0.32 | 0.39 | 5778
12 582 | 548 | 224 | 1.76 | 1.566 | 0.785 | -0.004 | -0.800 | 0.44 | 0.19 | 0.62 | 0.69 | 5943
13 573 | 496 | 3.30 | 1.60 | 1.452 | 0.785 | 0.000 | -0.785 | 0.44 | 0.79 | 0.39 | 0.68 | 5763
14 590 | 425 | 211 | 1.39 | 1.251 | 0.785 | -0.149 | -0.785 | 0.42 | 0.73 | 0.32 | 0.27 | 5552
15 | 5.650 | 5.040 | 3.200 | 1.610 | 1.470 | 0.785 | 0.000 | -0.785 | 0.42 | 0.75 | 0.36 | 0.67 | 5752
16 6.21 | 535 | 293 | 1.51 | 1.324 | 0.785 | -0.001 | -0.797 | 0.49 | 0.66 | 0.26 | 0.34 | 5779
17 559 | 547 | 2.64 | 1.57 | 1.265 | 0.785 | 0.000 | -0.805 | 0.54 | 0.69 | 0.34 | 0.39 | 5777
18 576 | 4.08 | 259 | 159 | 1569 | 0.778 | -0.290 | -0.791 | 0.42 | 0.28 | 0.71 | 0.64 | 5818
19 549 | 485 | 3.25 | 1.49 | 1.491 | 0.785 | -0.001 | -0.853 | 0.12 | 0.45 | 0.04 | 0.70 | 5935
20 588 | 498 | 3.59 | 1.34 | 1.473 | 0.785 | 0.000 | -0.785 | 0.08 | 0.52 | 0.12 | 0.33 | 5824
21 577 | 511 | 286 | 1.74 | 1.275 | 0.785 | -0.022 | -0.785 | 0.51 | 0.67 | 0.29 | 0.36 | 5618
22 564 | 539 | 252 | 1.64 | 1.272 | 0.785 | 0.000 | -0.876 | 0.52 | 0.68 | 0.32 | 0.37 | 5687
23 598 | 442 | 237 | 143 | 1.299 | 0.785 | -0.104 | -0.791 | 0.80 | 0.27 | 0.67 | 0.65 | 5517
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Table 5: Optimization results for stride length of 0.038m

Foot Location Variables

Obj

Run Leg Radius (r) incm Leg Plane Angle (¢) in rad Time Variables in sec cost
24 | 593|538 |337|1.67|1.429|0.784 | 0.000 | -0.785 | 0.77 | 0.28 | 0.68 | 0.21 | 5946
25 |6.23 | 548 | 355|169 | 1470 0.783 | -0.001 | -0.791 | 0.06 | 0.36 | 0.01 | 0.29 | 6031
26 |6.23 |472|315|1.89|1.368 | 0.782 | -0.016 | -0.789 | 0.76 | 0.27 | 0.68 | 0.21 | 6033
27 |6.23 479|289 |157|1.306|0.785 | -0.015 | -0.787 | 0.80 | 0.24 | 0.61 | 0.64 | 5964
28 |6.28 | 573|277 |1.68 | 1.304 | 0.785 | -0.003 | -0.786 | 0.79 | 0.24 | 0.61 | 0.64 | 5832
29 |6.03 538|337 |167|1.353|0.785| 0.000 | -0.786 | 0.07 | 0.23 | 0.65 | 0.70 | 5838
30 | 6.03 | 548 | 3.35| 1.69 | 1.417 | 0.784 | 0.000 | -0.786 | 0.77 | 0.28 | 0.68 | 0.21 | 5956
31 | 631 |473|337|163|1425|0.784| 0.000 | -0.786 | 0.77 | 0.28 | 0.68 | 0.21 | 5970
32 | 590|539 335|161 | 1447 |0.785 | -0.010 | -0.785 | 0.44 | 0.11 | 0.46 | 0.69 | 6077
33 | 6.23 | 548 | 355 | 1.69 | 1.442 | 0.785 | 0.000 | -0.785 | 0.77 | 0.28 | 0.68 | 0.22 | 5927
34 | 612 | 417|213 | 156 | 1384 |0.782 | 0.000 | -0.786 | 0.76 | 0.27 | 0.68 | 0.21 | 6028
35 | 6.26 | 469 | 2.29 | 1.57 | 1.259 | 0.785 | -0.026 | -0.785 | 0.79 | 0.33 | 0.66 | 0.64 | 5784
36 | 6.21 | 535|293 |151|1.266|0.785| -0.101 | -0.785 | 0.08 | 0.43 | 0.00 | 0.70 | 6069
37 | 6.04 | 554|336 |155|1324|0.785 | -0.001 | -0.797 | 0.49 | 0.66 | 0.26 | 0.34 | 5779
38 | 590|540 | 337|161 |1571|0.785| -0.049 | -0.816 | 0.05 | 0.75 | 0.40 | 0.68 | 6040
39 | 637|526 |359|193|1.440|0.785 | 0.000 | -0.785 | 0.77 | 0.28 | 0.68 | 0.22 | 5928
40 | 6.22 | 525|278 | 153 | 1395 |0.783 | -0.006 | -0.795 | 0.46 | 0.01 | 0.39 | 0.70 | 6081
41 | 6.03 | 551|347 1511322 |0.785 | -0.080 | -0.785 | 0.08 | 0.25 | 0.67 | 0.73 | 5809
42 | 6.27 | 459 | 2.46 | 1.50 | 1.530 | 0.785 | -0.052 | -0.785 | 0.54 | 0.21 | 0.64 | 0.79 | 6176
43 | 6.17 | 427 | 2.79 | 1.56 | 1.311 | 0.785 | -0.120 | -0.785 | 0.42 | 0.67 | 0.26 | 0.27 | 5770
44 | 6.05 | 6.29 | 2.80 | 2.03 | 1.270 | 0.785 | -0.006 | -0.785 | 0.43 | 0.70 | 0.23 | 0.28 | 5735
45 | 0.00 | 0.00 | 0.00 | 0.00 | 1.534 | 0.785 | 0.000 | -0.785 | 0.51 | 0.20 | 0.65 | 0.76 | 6122
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Discussion of the selected gait:

The value of the leg location variables for optimization run #15 are 1z, = 0.057m, 1R, = 0.05m,
TRz = 0.032m y TR = 0.016m,¢R1 = 84‘.20, ¢R2 = 450, ¢R3 = 0, ¢R4 = _450,
For the anterior legs R1, R2, L1, L2, the value of r is much larger than that for the posterior legs

R3, R4, L3, L4. This is because these legs are in the front and need to stretch out initially to pull

Figure 13: Leg position maps when the last leg of the leg group contacts the ground. Figure on the left shows the leg positions
when leg L1 is placed on the ground obtained using least effort. Figures on the right show screenshots of 4 different strides
performed by a tarantula taken from an online video [29]. In each of the 4 cases, leg R4 was the last to contact the ground and
the screenshot was taken at this instant. The blue lines are transformed from the black lines (showing the legs) on the left, while

preserving the length ratios and angles between the lines.
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the body forward (and hence retract as the body moves ahead) while the legs in the back need to
contract initially to push the body forward (and hence extend as the body moves ahead). As far as
the value of ¢ is concerned, it is at the joint limits for legs 2, 3 and 4. For leg 1 it is about 16° off
from the front direction. For comparison, we use a video of a tarantula walking on flat surface that
was uploaded on YouTube [29]. In this video, the spider executes the alternating tetrapodal gait.
We took 4 snapshots of different strides performed in the video and they were taken when the last
of the legs L1, R2, L3, R4 was placed on the ground for that stride. These snapshots are shown in
Figure 13 on the right. The stick diagram on the left shows a shapshot of the top view of
optimization run 15 revealing legs L1, R2, L3, R4 working in coordination. Again, the image
shows the time step when the last of these legs was placed on the ground. The black leg lines in
the stick diagram were transformed into blue lines by scaling and rotating them for each image on
the right to compare the position of the feet with those from the video. The angles between the leg
lines and their length ratios are preserved in the blue lines. The comparison shows a lag in the gait
obtained from run 15 for legs L1 while a lead for legs L3 and R4. One of the reasons this happens
is because legs R4 and L3 are placed later on the ground in the video while in our derived gait Leg
L1 is placed later.

The remaining 4 variables of run 15 that determine the time when the legs are placed on the ground
are representative of the alternate-tetrapodal walking gait pattern as seen in nature. Figure 14 a, b
and c represent gait pattern diagrams adapted from 3 different papers [22,23,24] and 14 d shows
the gait obtained from our calculations where the solid lines represent a stance phase and blanks
represent the swing phase. Each of the first 3 diagrams were observed in different species of
tarantulas and are representative of the alternating tetrapodal gait. It can be noted that legs R1 and

L1 are placed relatively later in our case compared to the other gaits. Some of this may be attributed
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Figure 14: Gait phase diagrams of tarantulas from 4 different sources. (a) Gait phase diagram obtained from least effort. (b)
Adapted from [22], (c) Adapted from [23], (d) Adapted from [24]. Solid Lines represent the stance phase while blanks represent

the swing phase.

to the inaccuracies and approximations of the model. However, we believe the primary reason
behind this is the omission of the role of pedipalps in the walking motion which may cause the
fore legs to remain in contact for longer in the current cycle before they protract for the next one.
Finally, we represent all the joint angles graphs for the 4 right legs for run 15 that are exhibited
during the walking gait cycle of the spider in Figure 15. The legs on the left would exhibit the
same joint angles with a phase shift of T, /2. A video simulation of the walking gait is also
available [30]. The simulation was carried out on the Gazebo simulator which is a physics engine
used in various robotic simulations. Our model was created on a solid modelling software called

Solidworks and its URDF consisted of 32 joints and 24 leg links and a body link. The joint angles
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Figure 15: Joint angles during the walking gait cycle for legs R1, R2, R3 and R4. Bold lines indicate stance phase while thin

lines indicate swing phase.

were communicated and controlled using the Robot Operating Software (ROS), thus resulting in

the walking motion of the tarantula.
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4. Conclusions

In this work we presented a hierarchical approach for deriving motions for a tarantula robot that
not only has redundant legs but also redundant joints in each leg. Each motion was defined through
optimization with an objective of minimizing the total joint efforts in the tarantula as it walks on a
plane, horizontal surface. The reason for using this objective function was to obtain fluid and
biologically realistic motions for the robot, so it resembles an actual tarantula while walking. The
procedure we used was hierarchical in nature and the problem was broken down into a number of
subproblems or stages, where in we started with studying the dynamics of one link, then moved
on to a complete leg and then considered the spider as a whole. Many of these subproblems were
formulated as Least-effort problems or LEPs to derive some physical parameter for the spider
which could then be used for the next stage. The Final Optimization Problem was used to derive
the complete walking gait for the spider with all the joint angles to define the motions performed
during the stance phase and the swing phase. The motions obtained from the FOP were then
compared with actual tarantula data to gauge how well, the least-effort principle could predict the
motions compared to those observed in nature. We found a close relation between the derived
walking gaits and the actual walking gaits and believe that the least-effort principle plays an
important role in the decision-making process of a tarantula while walking.

The hierarchical framework defined in this work can be further extended to derive even more
complex actions such as walking on uneven terrain, jumping etc. and each of the subproblems can
be adapted to various cases. For example, if the spider wants to avoid obstacles, it may need to
raise its feet higher than usual, and this new motion can be quickly derived using LEP 1. When the
spider is walking on uneven terrain, a new dimension of height can be added to LEP 3 for each

foot, to derive the ground plane forces on the feet that are all basically now at different elevations.
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