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Investigation of Standing Up Strategies and Considerations for Gait
Planning for a Novel Three-Legged Mobile Robot

Ivette M. Morazzani

(ABSTRACT)

This thesis addresses two important issues when operating the novel three legged mobile
robot STriDER (Self-excited Tripedal Dynamic Experimental Robot); how to stand up after
falling down while minimizing the motor torques at the joints and considerations for gait
planning. STriDER uses a unique tripedal gait to walk with high energy efficiency and has the
ability to change directions. In the first version of STriDER, the concept of passive dynamic
locomotion was emphasized; however, for the new version, all joints are actively controlled
for robustness. The robot is inherently stable when all three feet are on the ground due to its
tripod stance, but it can still fall down if it trips while taking a step or if unexpected external
forces act on it. The unique structure of STriDER makes the simple task of standing up
challenging for a number of reasons; the high height of the robot and long limbs require high
torque at the actuators due to its large moment arms; the joint configuration and length of
the limbs limit the workspace where the feet can be placed on the ground for support; the
compact design of the joints allows limited joint actuation motor output torque; three limbs
do not allow extra support and stability in the process of standing up. This creates a unique
problem and requires novel strategies to make STriDER stand up. This thesis examines
five standing up strategies unique to STriDER: three feet pushup, two feet pushup, one foot
pushup, spiral pushup, and feet slipping pushup. Each strategy was analyzed and evaluated
considering constraints such as static stability, friction at the feet, kinematic configuration
and joint motor torque limits to determine optimal design and operation parameters. Using
the findings from the analysis, experiments were conducted for all five standing up strategies
to determine the most efficient standing up strategy for a given prototype using the same
design and operation parameters for each method. Also, a literature review was conducted
for human standing from a chair and human pushup exercises and the conclusions were
compared to the analysis presented in this thesis.

Many factors contribute to the development of STriDER’s gait. Several considerations for
gait planning as the robot takes a step are investigated, including: stability, dynamics,
the body’s maximum and minimum allowable heights, the swing legs foot clearance to the
ground, and the range of the subsequent swing foot contact positions. A static stability mar-
gin was also developed to asses the stability of STriDER. This work will lay the foundation
for future gait generation research for STriDER. Additionally, guidelines for future work on
single step gait generation based on kinematics and dynamics are discussed.

The findings presented will advance the capabilities and adaptability of the novel robot
STriDER. By studying standing up strategies and gait planning issues, the most efficient
control methods can be implement for standing up and preparing to take a step and lay out
the foundations for future research and development on STriDER.
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Chapter 1

Introduction

STriDER (Self-excited Tripedal Dynamic Experimental Robot) is a novel three-legged walk-
ing robot that utilizes a unique tripedal gait to walk [1-6]. To initiate a step, two of its legs
are oriented to push the center of gravity outside a support triangle formed by the three
foot contact points, using a unique abductor joint mechanism [2]. As the robot begins to
fall forward, the middle leg or swing leg, swings in between the two stance legs and catches
the fall. Simultaneously, the body rotates 180 degrees preventing the legs from tangling up.

The first version of STriDER [1, 3, 4] emphasizes the passive dynamic nature of its gaits.
Passive dynamic locomotion utilizes the natural built in dynamics of the robot’s body and
limbs to create the most efficient natural walking motion [1,7,8]. In the new version, STriDER
2.0, all of its joints are actuated for robustness. STriDER was developed for deploying sensors
rather than task manipulations. The robot’s tall stance is ideal for surveillance and setting
cameras at high positions [1].

The current research focuses on standing up strategies, posturing, gait synthesis, and tra-
jectory planning for which the concept of passive dynamics is not emphasized. The robot
is inherently stable with its tripod stance, but it can still fall if it trips while walking or if
external forces act on it. Thus, a number of standing up strategies have been investigated
for STriDER and are presented in this thesis. Design and operation parameters were varied
and the effects of these parameters on the efficiency of standing up were studied. Since
STriDER is a non-linear, under-actuated mechanical system in nature, where there is no
actuator between the foot and the ground, dynamics is a key factor in the planning of gaits.
Recent research on the optimization of bipedal gait with dynamic constraints includes the
work of Sangwan and Agrawal [9,10]. The technical approaches discussed in these studies
can be utilized as the source of reference for the novel tripedal gait in this study. This thesis
also presents considerations for gait planning strategies based on kinematics and lay out the
foundation and guidelines for future work on a single step gait generation based on both
kinematics and dynamics.



1.1 Motivation

The design and locomotion strategies of robots are often inspired by nature; however,
STriDER utilizes an innovative tripedal gait not seen in nature. Unlike common bipeds,
quadrupeds, and hexapods, STriDER, shown in Fig. 1.1, is an innovative three-legged walk-
ing machine that can incorporate the concept of actuated passive dynamic locomotion. Thus,
the proper mechanical design of a robot can provide energy efficient locomotion without so-
phisticated control methods [11]. However, STriDER is inherently stable with its tripod
stance and can easily change directions. This makes it uniquely capable to handle rugged
terrain where the path planning, turning, and positioning strategies studied here are cru-
cial. Although this thesis will not focus on the passive dynamic locomotion capabilities of
STriDER, as discussed in [1], it is still a desirable trait of the robot. There are many ad-
vantages to the design of STriDER. The robot can be launched to difficult to access areas
while its long legs absorb the shock of landing. Also, the robot’s tall stance is useful for
surveillance since it is capable to see above bushes.

RoMeLc
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Figure 1.1: STriDER 2.0 prototype on right of its predecessor, STriDER.

The overall motivation of this research is advancing the capabilities of this adaptable and
novel robot. If the robot falls, it is important for it to be able to stand up to finish ac-
complishing its tasks or continue walking. Thus, it is crucial to study different standing up
strategies that will be both energy efficient and easy to implement. Different parameters can
effect the required torque at the motors and total power consumption as the robot stands.
So, by investigating the effects of these parameters on several standing up strategies, one
can determine the appropriate design and/or operation parameters for different scenarios
(terrains, elevations, inclines, etc). Also, in order for the robot to properly take a step,
different factors can contribute to the efficiency of gait planning. Thus, this thesis will con-
sider stability, body height, body twisting, and swing leg’s clearance and landing position,
as several of the constraints that contribute to kinematically based gait planning.



1.2 Background and Previous Research

This section presents background information on STriDER, a description of the novel tripedal
walking gait and gaits for changing directions, an introduction to a unique rotator aligning
joint mechanism, and a brief discussion on how STriDER can be modeled as a parallel
manipulator. In addition, literature review findings on human standing from a chair and
human pushup exercise analysis are discussed.

1.2.1 Novel Tripedal Gait

The novel tripedal gait (patent pending) is implemented, as shown in Fig. 1.2, for a single
step. Fig. 3 in Section 3 shows the joint and link names for STriDER. During a step, two
legs act as stance legs while the other acts as a swing leg. STriDER begins with a stable
tripod stance (Fig. 1.2(a)), then, the hip links are oriented to push the center of gravity
forward by aligning the stance legs’ pelvis links (Fig. 1.2(b)). As the body of the robot falls
forward (Fig. 1.2(c)), the swing leg naturally swings in between the two stance legs (Fig.
1.2(d)) and catches the fall (Fig. 1.2(e)). As the robot takes a step, the body needs to rotate
180 degrees to prevent the legs from tangling up. Once all three legs are in contact with the
ground, the robot regains its stability and the posture of the robot is reset in preparation

for the next step (Fig. 1.2(f)) [1,3].

-
(a) Initial position (b) CG shift (c) Falling over
/ ” v/ -
(d) Leg swing (e) Catches the fall (f) Reset position

Figure 1.2: The motion of a single step [1].



1.2.2 Changing Directions

Gaits for changing directions can be implemented in several ways, one of which is illustrated
in Fig. 1.3. By changing the sequence of choice of the swing leg, the tripedal gait can move
the robot in 60 degree interval directions for each step [6]. Alternatively, the step direction
can be modified such that the stance momentarily changes to an iscoceles or scalene triangle
as opposed to an equilateral. This will then change the orientation of the following stance
legs from the customary 60 degree angle and, therefore, the direction of the robot’s travel as
well. This method is of particular interest because of the inherent flexibility which is more
conducive to rugged environments [1].

.
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Figure 1.3: Gait for changing directions [6].

1.2.3 Rotator Joint Aligning Mechanism

STriDER is actuated using DC servo motors through distributed control with position feed-
back. Because of the continuous inverting motion inherent to the locomotion strategy of
this robot, slip rings were built into each of the three rotator joints [1]. It is necessary then
to remove the actuators away from the rotation axis of the joint such that wires could be
routed through the rotator shaft. In both the first version and new version of STriDER, this
is accomplished using a spur gear pair [2,6].

The tripedal gait requires the entire body of STriDER to rotate about the two hip rotator
joints of the stance legs as the swing leg swings between them. Since any one of the three legs
can be chosen as the swing leg, any two of the three hip rotator joints need to be able to align
to each other. The hip abductor joints perform this motion by changing the angle of the hip
rotator joints so that the axis of one hip rotator joint can be aligned to another while the
third is set to be perpendicular to this axis. In addition to the three orientations in which a
pair of rotator joints is aligned, it is also desirable that all rotator axes intersect in the center



of the body. In the first prototype of STriDER, the three hip abductor joints (shown in Fig.
3 in Section 3) were independently actuated and controlled with three separate DC motors.
While this approach worked, the size and weight of the two additional motors made the design
undesirable, as it essentially requires only a single degree of freedom motion to successfully
align the rotator joints in the four desired configurations [6]. In [2], a new abductor joint
mechanism is presented which aligns the rotator joints using only one actuator which can
replace the three motors of STriDER’s abductors. This mechanism uses an internal gearset
to generate a special trifolium curve with a pin which guides the hip rotator joints via slotted
arms through the four specific positions shown in Fig. 1.4.

Figure 1.4: Four positions of the rotator joint aligning mechanism with internal gear set [2,6].

1.2.4 STriDER Modeled as a Parallel Manipulator

When all three feet of STriDER are on the ground, the kinematic structure of the robot
behaves like an in-parallel manipulator. Forward and inverse displacement analysis for
STriDER is presented in [5]. This analysis may be used to plan and control the change
in posture of the robot, while keeping the three feet in contact with the ground. Note that
by assuming no slipping at the feet, each foot contact point can be treated as a spherical
joint.

In [5], kinematic analysis methods for in-parallel manipulators are adopted for the forward
and inverse displacement analysis for this mobile robot. Both loop-closure equations based
on geometric constraints and the intersection of the loci of the feet are utilized to solve the
forward displacement problem. Closed-form solutions are identified and discussed in the
cases of redundant sensing with displacement information from nine, eight, and seven joint
angle sensors. For the non redundant sensing case using information from six joint angle
sensors, it is shown that closed-form solutions can only be obtained when the displacement
information is available from non-equally distributed joint angle sensors among the three legs.
As for the case when joint angle sensors are equally distributed among the three legs, it will
result in a 16th-order polynomial of a single variable. Finally, results from the simulations
are presented for both inverse displacement analysis and the non-redundant sensing case
with equally distributed joint angle sensors. It was found that at most sixteen forward



displacement solutions exist if displacement information from two joint angle sensors per leg
are used and one is not used [5].

1.2.5 Human Standing and Pushup Exercise Research Findings

A variety of research has been conducted for human sitting to standing motion, as presented
in [12-16]. In particular, Hutchison et al. completed a dynamic analysis of joint forces and
torques while rising from a chair [12]. Their goal was to determined if quasi-static models
(assume the body segments are in static equilibrium at any instant) are valid for chair-rise
or if dynamic analysis is necessary. They used inverse kinematics and ten adult subjects
to calculate joint torques of twenty chair-rise trials at different rising speeds per subject.
Their results concluded that the effect of segmental dynamics can be neglected for the ankle
and knee joints since they contribute to only 1% of the total ankle and knee forces and
torques [12]. However, the effects of the segmental dynamics on the hip joints contributed
to 10% of the hip forces and torques. Hutchinson also concluded that static loads dominate
joint forces and torques as a subject rises from a sit position; however, dynamics becomes
more important as the speed increases. From Hutchison’s findings [12], it was concluded
that for the study of STriDER’s standing up strategies, dynamics can be ignored and the
analysis will be solely statically based, assuming the robot is not standing up at high speeds.

Schenkman et. al. studied whole-body movements during rising to standing from sitting [15].
They included nine test subjects in their rising from a chair controlled condition experiments.
They divided the rising motion into four phases. The four phases included: a flexion-
momentum phase used to initiate the initial momentum for rising, a phase when the subject
rises from the chair and ends at maximal ankle dorsiflexion, an extension phase where the
subject rises to its full upright position, and a stabilization phase [15]. The goal of this
study was to gain a brighter insight on the rising from a chair motion to facilitate identifying
impairments of people who have trouble standing. Schenkman’s results, can be applied
to STriDER’s standing up study by dividing the standing up motion into different phases.
Although this was not implemented in this thesis, it may be applied to future research.
However, for the presented work, it was important to keep some trends consistent for each
strategy. For example, similar initial and final conditions were chosen for all standing up
strategies, as will be presented later.

In [13], an analysis of the sit-stand-sit movement cycle was done with normal subjects.
Although research has been conducted for sit to stand movements, the idea of stand to sit
has not been thoroughly analyzed. Kerr et al. have obtained a basis of descriptive data for
sit-stand-sit movement cycle from fifty normal subjects of various ages and both sexes [13].
They believe this data will result in a better understanding of the sit-stand-sit motion. As
mentioned, this thesis focuses on standing but the findings in Kerr’s work can be applied
to STriDER. More specifically, the motion of the body moving upwards and downwards
can relate to the research of parallel manipulators. As previously mentioned, when all of



STriDER’s three feet are on the ground, the robot can me modeled as a parallel manipulator.

Next, a synthesis of standing up trajectories using dynamic optimization was presented
in [14]. Kuzelicki et al. investigated dynamic optimization as a tool to compute standing-up
trajectories. Sit-to-stand manouvers in five intact persons and five trans-femoral amputees
were measured [14]. During the experiments, movements and ground reaction forces on the
body were recorded. From this data, a three dimensional dynamic model of standing-up
was developed. Optimal trajectories were computed by minimizing cost functions with five
main quantities. These quantities included; jerk (derivative of acceleration) of cartesian
coordinates, jerk of joint angles, derivative of joint torques, joint torques, and muscle forces
and force derivatives [14]. The results indicated that dynamic optimization can be used
to compute trajectories for standing up taking into account solely the body dynamics and
kinematics without modeling muscle behavior [14]. Similar to Kuzelicki, a cost function was
developed for STriDER’s standing up strategies to optimize design and operation parameters
specific to STriDER, as will be discussed in later sections.

In addition to rising and standing findings, pushup exercise analysis was also considered in
the research findings. First, Kai-Nan et. al investigated intersegmental loading patterns
on the elbow joint during a push-up exercise [17]. Sensors and a piezoelectric plate were
used to record upper body forces during push-ups in six different hand positions [17]. They
found that the hand position had a statistically significant effect on the axial force on the
elbow. Kai-Nan et al. believe that the data collected in their studies may aid in determining
factors for optimal rehabilitation for injuries or prosthetic replacement [17]. Some of the
standing up strategies investigated for STriDER have motions similar to human pushups.
Thus, the effects of different foot positions on the actuator torques as STriDER stands will
be investigated. In fact, optimal foot positions for each strategy will be discussed in this
thesis given design parameters (link length ratio, robot weight, etc).

Another study was conducted on hand position effects on the elbow joint during a pushup
exersice by Donkers et al. In [18] they found that as the distance between the hand position
increased the peak forces exerted on the elbow joint along a forearm axis decreased. Thus,
it is easier to do a pushup when the hands are father apart on the floor. In the case of
STriDER, each leg will be analyzed individually and the total weight of the robot will be
assumed to be located in the center of the body. Since five strategies will be studied and
different design parameters yield different optimal foot positions, a general conclusion on
the optiml foot position cannot be made. Thus, a cost function will be computed to obtain
optimal foot positions given design parameters.

A complete kinematic and kinetic analysis of a push-up was analyzed by Kai-Nan et al. They
discussed that the location of the palm relative to the shoulder, the plane of arm movement
and the relative foot positions are three major factors that affect the intersegmental loads
(force and moment generated at the joint from external and inertial loads) on the joint [19].
The load across the wrist, elbow and shoulder were experimentally measured and analytically
determined in their paper. Kai-Nan’s study on the plane of arm movement relates to the



different standing up strategies investigated for STriDER when comparing the three feet
pushup and two feet pushup. The three feet pushup simply lifts the body straight upwards
without translating the body in the horizontal direction. The two feet pushup for STriDER
has the same motion as a human pushup. These strategies are analyzed in detail in later
sections.

In order to adequately compare the results of the literature review findings and the work
presented in this thesis it is important to know basic body segment length ratios. Thus
in [20], a book that focuses on biomechanics and human movements, Winter lists body
segment lengths as a fraction of body height. From this data, the upper arm ratio to the
total height was 0.188 and lower arm segment ratio to the total height was 0.253. Thus,
the upper arm to lower arm ratio is approximately 0.74. Also, the lower body (hip to feet)
length ratio to the total height is 0.53 for a typical male.

As noted, the results of the literature review findings influenced the steps for the investigation
of STriDER’s standing up methods. In particular, it was concluded that dynamics would
not have a large effect on the results thus, all analysis was statically based. Also, it was
found that foot position is an important constraint when optimizing actuator torques.



Chapter 2

Forward and Inverse Kinematics

A full three-dimensional kinematic model was developed to aid in the inverse and forward
displacement analysis process using Mathematica. This model will help examine standing
up strategies and transitions between gaits. Also, the graphical simulation developed is
beneficial for visualizing the motion of STriDER’s links and joints.

Zp

Zoi> Y1i

Figure 2.1: Coordinate frames and joint definitions for STriDER [5].
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2.1 Kinematic Configuration

The definition of the coordinate systems for each leg is shown in Fig. 2.1. The configuration
for all three legs of STriDER is the same thus, the analysis for one leg is presented here as
the other two legs will follow the same procedure. The subscript ¢ denotes the leg number
(i.e. i=1, 2, 3) in the coordinate frames, links, and joint labels.

Table 2.1: Nomenclature
i Leg number (i=1,2,3)
J Link number (j=1,2,3,4)

{Xo, Yo, Zo} | Global fixed coordinate system
{zp,ys, 25} | Body center coordinate system
Jii Hip abductor joint for leg i
Joi Hip rotator joint for leg ¢
Js; Hip flexure joint for leg ¢

Jui Knee joint for leg ¢

P, Foot contact point for leg ¢
Ly; Body link for leg i

Ly, Hip link for leg ¢ (length=0)
Lo; Pelvis link for leg ¢

Ls; Thigh link for leg 7

Ly; Shank link for leg ¢

Table 2.1 lists the nomenclature used to define the coordinate frames, joints and links. First,
a global coordinate system, { Xy, Yy, Zo}, is established and used as the reference for positions
and orientations where the negative Z; vector is in the same direction as gravity. Next, the
body coordinate frame {xp,yp, 25} is defined as shown in Fig. 2.1. Each leg is separated
by 120 degrees, leg one, leg two, and leg three are 0 degrees, 120 degrees, and 240 degrees
from the positive xp axis, respectively. Each leg includes four actuated joints, Jy;, Jo;, J3;,
and Jy. The hip abductor joint, Jy;, allows the stance legs’ rotator joints to align during
a step. In the first prototype of STriDER, developed in [1,21], three independent abductor
joints are used to accomplish the alignment. Later in [2], a new abductor joint mechanism
to align the rotator joints driven by only one motor is used to replace the three abductor
motors. Thus, Jy;, is not treated as an active joint. Next, Jo;, the hip rotator joint, allows
the legs to rotate around the zy; axis. Js;, the hip flexure joint and Jy, the knee joint are
both revolute joints that rotate around the zo; and z3; axes, respectively. Two coordinate
frames {Z4;, Yai, 24;} and {xp;, yp;, zpi} are established at each foot. The three unit vectors
in frame {xp;, yp;, zp;} are defined to be parallel to the global vector units. The foot contact
points denoted by P; are treated as spherical joints between the foot and the ground during
analysis and {xy;, y4;, z4; } relates to {xp;, ypi, zp; } with three Euler angles. Finally, the links
listed as Lo;, L1;, Loj, Ls;, and Ly; are clearly labeled in Fig. 2.1 and represent the body
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link, hip link (equal to zero), pelvis link, thigh link and shank link. Furthermore, links Lq;,
Ly;, and Lo; are constant values that form the body triangle.

Table 2.2: Link parameters
Link Qi Qg dj‘ Hj‘

1 Li;=01]90°] 0 | 6;+90°
2 0 90° | Lg; | 02 — 90°
3 Ls; 0 0 0s;
4 L4i 0 0 94@'

The coordinate systems are defined following the standard Denavit-Hartenbergs convention
[22] and the link parameters are listed in Table 2.2, where j is the link number (j = 1,2, 3,4)
and 7 is the leg number (i = 1,2, 3). Additionally, a;; equals the distance along z;; from Jj;
to the intersection of the x;; and z(j_); axes and dj; is the distance along z;_1); from J;_1);
to the intersection of the z; and z(;_;); axes. Also, aj; is the angle between z(;_;); and zj;
measured about w;; and 60 is the angle between the x(;_;); and x;; measured about z(;_1);.
Note, when all 6;; are equal to zero, the legs form a right angle between Lo; and Ls;.

2.2 Forward Kinematics

Each of STriDER’s legs can be represented as a simple kinematic chain. In this case, the
goal of the forward kinematic analysis is to determine the global foot position for each leg
given the body position and orientation based on the global coordinates, { Xy, Yo, Zp}, and
all joint angles. As discussed in [22], a homogenous matrix, A;, transforms the coordinates
of a point from frame ¢ — 1 to frame 7. The matrix A;, consists of two main parts, as shown
in Equation 2.1,

_ | Ri diy
N o
where R} | expresses the orientation of frame i relative to frame i — 1 and d!_, expresses
the position. For a kinematic chain, Tij is known as the transformation matrix where the
position and orientation of coordinate ¢ is described in relation to coordinate j. Thus, the
transformation matrix for one leg of STriDER from global coordinates to the foot position
is defined using Equation 2.2,

T = AJALATASAGAT (2.2)

where AOB is the transformation from global coordinates to the center of the body given the
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body position and orientation. Note, the position and orientation of the body will always
be known in the analysis presented in this thesis.

2.3 Inverse Kinematics

The inverse displacement analysis is important for calculating the unknown internal angles
09;, 03;, and 0y; for the hip rotator, hip flexure and knee joints, respectively. As previously
mentioned, the angle between the positive xp axis and leg one, leg two and leg three is
0 degrees, 120 degrees, and 240 degrees, respectively. The angle between xo; and xy;, 61,
measured about zg;, is set equal to zero and treated as a constant in these calculations. Also,
the orientation and position of the body in relation to the global coordinates are known.
So, the unknown angles 6;, #3;, and 6,; are calculated from the global body position and
orientation, the angle between xp and each leg, 6;;, and global foot positions. By treating
the system as an elbow manipulator, as shown in Fig. 2.2 , the unknown joint angle values
can be determined. Note, in this figure, the leg is rotated 90 degrees about the zy; axis for
the ease of viewing [5].

Zyq X3i

(Xpiv Ypi +Zpi)

1 7 Y4i

-~
~

|/
~ — /%
—
\>|/

ypi

Figure 2.2: One leg represented as an elbow manipulator.

Following the coordinate systems in Fig. 2.1, a homogeneous transformation from the global
coordinate to the hip rotator joint was derived, as shown in Equation 2.3,

. o i qli
HéZIHfH%H&:[RO do] 23

0 1

4x4
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1i 1i . . . . .
where Rg" and d’ specify the orientation and translation of Oy, .., -, relative to Ox, vy z,

respectively. Next, the orientation and translation of Oy, y; z, relative to Oy, .2, Were
found using Equations 2.4 and 2.5,
AT
R}, = [Ry] (2.4)
d(l)i = _R?id(l)i (2.5)

The orientation matrix, RY,, and translation vector, dY;, are used to find the translational
vector, di. | to relate the position of O,,. yp,2p: 10 Opyy iz > @S shown in Equation 2.6,

. 4 Tp;
di; = Ridy" +di; | ypi (2.6)
ZPi

where déD ¥ is the foot position in relation to the global coordinates and vector [xp; yp; zPi]T
represents the foot position relative to the local hip rotator coordinates, which is also the
base of the elbow manipulator shown in Fig. 2.2. This now becomes a common elbow
manipulator problem [22].

The angle at the hip rotator joint, #s;, is found using Equation 2.7,

92i — ATCT(ITLQ (IPZ" sz) + E

- (2.7)

where xp; and yp; are the x and y foot positions relative to the elbow manipulator base.
Notice that 90 degrees are added to this value due to the link parameter definition listed in
Table 2.2. Next, the angle at the knee joint, 0,4, is calculated, as shown in Equation 2.8,

04 = ArcTan2 (D, +V1 - D?) (2.8)

where D is a constant term determined from Equation 2.9,

_ zpit +ypi® + (zpi — L2i)2 — L3i® — Ly?
2L3;L4;

D (2.9)

where Lo;, Ls;, and Ly are link lengths and zp; is the z foot position relative to the base.
As shown, with + in Equation 2.8 there will be two values for 64, each corresponds to an
elbow up or elbow down case. Thus, there will also be two corresponding values for 63;, as
calculated in Equation 2.10,
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‘932' = ArcTan?2 (\/ .flfpz‘2 + ypf, Zpi — L22> — ArcTan2 (Lgl + L4Z'COS¢94Z', L4i8in(94i) (210)

Thus, if the body global position and orientation, the hip abductor joint angle, #;;, and the
global foot positions are known, then the internal joint angles (hip rotator joint angle, 0y;,
hip flexure joint angle, 3;, and knee joint angle, 64;) can be calculated by modeling the legs
as elbow manipulators where the base is at the hip rotator joint and all link lengths are
known and constant.



Chapter 3

Standing Up Strategies

STriDER can often fall down if it trips while walking or if external forces act on it. Thus, it
is important to investigate a variety of standing up strategies specific to STriDER in order
for the robot to stand up and complete its tasks. The unique structure and operation of
STriDER makes the simple task of standing up challenging for a number of reasons; the
tall height and long limbs of the robot require high torque from the actuators due to large
moment arms; the joint configuration and length of the limbs limit the workspace where the
feet can be placed on the ground for support; the compact design of the joints allows for
limited actuator torque; and the number of limbs (three) does not allow extra support and
stability in the process of standing up. In this research, the mechanics of five strategies have
been studied; a three feet pushup, two feet pushup, one foot pushup, spiral pushup and feet
slipping pushup. A detailed analysis for each strategy is presented in this section considering
constraints such as, static stability, friction at the feet, kinematic configuration, link length
ratios, and actuator torque limits. The objective of this analysis is to determine optimal
design and operation parameters that will minimize actuator torques as the robot stands
up. By minimizing actuator torque less power is consumed and the robot can stand more
efficiently. In addition, due to the size and weight limitations of the robot, it is difficult to
find powerful and compact motors for STriDER. Thus, finding the parameters for minimum
torque is important. Also as discussed in the research findings, it was assumed that dynamics
will not have a large effect on the results thus, all the analysis was based on static equilibrium
assumptions [12]. Experiments are also presented in this section to validate the analysis and
determine the most efficient standing up strategy for a specific experimental platform.

In this section a number of important joints and links will often be referred to in the analysis.
Fig. 3 shows the joint and link names for STriDER. The rotator, flexure and knee joints will
often be addressed in this section as well as the flexure and shank links.

15
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Body (link) Hip (link) Hip abductor (joint)

Pelvis (link)

Hip flexure (joint)

Thigh (link)
Hip rotator (joint)

Knee (joint)

Stance leg (right) Shank (link)

Swing leg

Stance leg (left)

Figure 3.1: Joint and link labels [1].
3.1 Three Feet Pushup

Beginning with the robot flat on the ground with all three legs extended outwards, as shown
in Fig. 3.2(a), the three feet pushup method moves the three legs inwards towards the body
to position the three feet to their final desired positions, in this case forming an equilateral
triangle. A distance d for one leg, shown in Fig. 3.3, is defined as the distance between the
projected center of the body to the ground and the foot contact point. For this example,
the distance d for all three legs is equal since the three contact points form an equilateral
triangle. The value of d will play an important role in the motor torque calculations of
the required motor torques at the joints. Once the feet reach their desired foot positions,
the body begins to move upwards by pushing against the ground until it reaches its desired
height (Fig. 3.2). The maximum body height is achieved when the thigh and shank links
are aligned, as shown in Fig. 3.2(f).

This method is probably one of the first standing up methods that would come to mind for
STriDER. Its symmetrical approach allows for simpler analysis and guarantees static stability
since the center of gravity is always located in the center of the body. The configuration for
all three legs in the three feet pushup standing up method is the same thus, a detailed analysis
for only one leg is presented here as the other two legs will follow the same procedure. A
kinematic and quasi-static torque analysis is presented for the portion when the body begins
to move upward and reaches its maximum height (Fig. 3.2(b) to Fig. 3.2(f)). The effect of
d values, link length ratios (o = :—Z) and allowable tangential friction forces between the feet
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) Initial position ) Desired foot position ¢) Begins to move upwards
(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.2: The motion of the three feet pushup.

and the ground on the motor torques will be investigated in the analysis.

The minimum allowable d is the difference between the thigh and shank link length plus the
body link (L, = Lo+ Ly + L) length. The maximum allowable d is the added length of the
thigh, shank, and L;. For the analysis presented in this research, the thigh and shank link
length ratio, «, is optimized for standing up; however, it is crucial that the link lengths are
adequate for walking. Thus, it is more important to optimize link length for walking rather
than standing up. The range of tangential contact force between the foot and the ground
is defined by the friction coefficient and the normal contact force due to gravity. Thus, the
minimum tangential contact force is zero (no friction force) and the maximum tangential
contact force is the normal force times the friction coefficient. As long as the tangential
contact forces, at the three feet, satisfy these conditions and the force balance is satisfied,
the tangential forces can be adjusted by force control of the actuators of the robot [23,24].
The choice of the tangential force will effect the motor torque requirements at the joints.

3.1.1 Kinematic Analysis for the Three Feet Pushup

To find the leg’s joint angles as the robot stands up, the body and links may be modeled as
a slider-rocker mechanism, where the body is the slider link moving vertically, the thigh is
the coupler link, and the shank is the rocker, as shown in Fig. 3.3. For a no slip condition,
the foot contact point can be modeled as a revolute joint, between the shank link and the



18

ground.

Figure 3.3: Body and one leg modeled as a slider-rocker mechanism.

As the body moves upward in the positive z direction, the joint angles, 5 and 6, are calculated
given the body height, h, and using the vector loop equation, shown in Equation 3.1. The
angle of vector 71, 01, equals zero and 0y equals 90 degrees, when the body is moving straight
up perpendicular to the ground. The value of d is predefined, L, is the constant body link
length (L, = Lo+ L1+ Ls) (Fig. 2.1) and h is the input variable. With these values, Equation
3.1 is simplified, thus #3 and 64 can be calculated using Equation 3.2. Also, the maximum
height of the body, or the height when the thigh and shank link are aligned, is calculated
with Equation 3.3.

T rocosltly — r3costls — rycosly — ricost; = 0

2 1 rosinby — r3sinfs — rysinfy — risinf; =0 (3.1)
x @ —rgcosls — rycosly — (d — Ly) =0 (3.2)
z:h —rssinfs — rysinfy = 0 '
hmaw = \/ (3 +72)° = (d = Ly)* = \/(rior)® — (d — Ly)? (3.3)

3.1.2 Static Force Analysis for the Three Feet Pushup

A free body diagram for the links of one leg is shown in Fig. 3.4. A friction force was
added at the feet to account for different tangential forces, Fr. For example, if STriDER
was attempting to stand up on ice, where there is very limited friction (small allowable
tangential forces), the motor torque requirements at the joints would be different than those
when standing up on a rough surface, where relatively larger tangential forces can exist.
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Figure 3.4: Free body diagram for one leg of the three feet pushup.

Another example is the different force requirements of the arm muscles when lifting a bar
with two hands and lifting a set of dumbbells, as shown in Fig. 3.5. When lifting a set of
dumbbells straight up, one on each hand, the arm muscles need to exert forces such that the
resultant forces are vertically upwards against gravity, as shown in Fig. 3.5(a). However,
when lifting a bar with two hands, interaction forces between the hands are allowed through
the bar as long as they are equal and opposite in direction to each other thus, canceling each
other, as shown in Fig. 3.5(b). In such case, the arm muscles could exert less net forces
thus, it is generally easier to bench press than lift a set of dumbbells with the same total
weight. Using this concept, the tangential forces at the foot contact points could be adjusted
to minimize the joint torque requirements.

(a) Lifting dumbbells (b) Lifting a bar
Figure 3.5: Forces when lifting dumbbells and lifting a bar.

A maximum friction coefficient, p, of 0.3 was chosen for this analysis and the total weight of
the robot was set to 28.42 N. A tangential force, Fir, can be chosen for any value less than the
normal force times the friction coefficient. Since only one leg is being analyzed the maximum
tangential force is one third of the weight of the body times p. The maximum magnitude of
Fris 2.84 N and can act in both the positive and negative direction, —2.84 N < Fp < 2.84N.
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The minimum magnitude of the Fr is equal to zero. The positive and negative values of Fp
account for an outwards and inwards reactive force at the feet.

The moment at the flexure joint, M3, and at the knee joint, Ms4, are calculated from
Equations 3.4 and 3.5, respectively. The legs were assumed to be weightless for the torque
analysis since they would be negligible compared to the weight of the body. Also, 64+ 7 and
03 — m are the angles from the positive x-axis to the shank and thigh links, respectively. By
combining the kinematic analysis using the slider-rocker mechanism and force analysis using
the FBD equations, the torque at the flexure and knee joints can be calculated.

W
Msy = rysin (04 + 7) Fr — rycos (04 + m) 3 (3.4)

(3.5)

w W
M23:Tgs’in(eg—ﬂ)FT—TchS(eg—W)?—I—M34: _hFT_(d_Lb)g

3.1.3 Actuator Torque for Three Feet Pushup

This section will investigate the effects of d, link length ratio (o = :—j), and Fr on the
actuator torques. First, the effects of d and « on the actuator torques when Fr equals zero
will be considered independently. Then, d and « will be coupled and the maximum actuator
torques will be calculated when Frp equals zero. Once the relationships between d and «
on the actuator torques are investigated, the effects of Fr on the actuator torques will be
studied. A total link length (r,;= 73 + 74) of 1.2 m, body link length, L, (=Lo + L1 + Lo,
shown in Fig. 2.1) equal to 0.18 m, a friction coefficient, p, of 0.3 and total body weight, W,
of 28.42 N were chosen for the entire actuator torque analysis.

Effects of d on Actuator Torques

The effects of the value of d on the actuator torques were studied. The parameters chosen
for the analysis were as follows: r3 = 0.45 m, 74 = 0.75 m, (or @ = 0.6) and d ranged from
(rg —r3) + Ly and (r3 + r4 + Lp). Fig. 3.6 shows the knee and flexure joint torques as the
body lifts upwards for different values of d and Fr equal to zero.

Note that as the value of d increases the maximum height of the body (A4 ) decreases since
the stance of the robot is larger. The flexure joint torque, shown in Fig. 3.6(b), decreases

as d decreases. Also, when Fr is equal to zero the flexure joint torque is constant for each

value of d (Mg = M)

However, the knee joint torque significantly changes as d changes. For this example, the
maximum knee joint torque occurs when d equals the minimum allowable value (0.48 m)
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(a) Knee joint torque (b) Flexure joint torque

Figure 3.6: Joint torques for various d values and Fr =0 for the three feet pushup.

and h=0. The maximum knee joint torque does not always occur when h equals zero as will
be later discussed.

Effects of Link Length Ratio on Actuator Torques

The effects of the link length ratio, o, were studied given a d value of 0.65 m and a total link
length, 7, of 1.2 m and Fr equal to zero. Fig. 3.7 shows the actuator torque results as the
body moves upward for different link length ratios. The minimum and maximum allowable
values of a given 1, d and L, are calculated from Equations 3.6 and 3.7. Note that if a,,;,
equals zero then d equals ry,; + L where r;,; equals ry.

—d + Lb -+ Ttot
Amin — 3.6
d — Lb -+ Ttot ( )
—d + Ly — 140
Oz = — 3.7
—d -+ Lb + Ttot ( )

As shown in Fig. 3.7(b) the flexure joint torque is not affected by the various link length
ratios when a value for d is specified and Fr equals zero. From Equation 3.5, the flexure joint
torque can be defined in terms of Frr, h, d — Ly, and W thus, for a given d value and total
link length value, r;, the different link length ratios will not affect the flexure joint torque.
The knee joint torque, however, is affected by «, as shown in Fig. 3.7(a). For this specific
example, as « increases and the robot stands up the knee joint experiences a smaller range
of torques. Note that the maximum knee joint torque occurs at different heights for each «.
In this case, the maximum knee joint torque occurs when a equals «a,,;, and h equals 0.
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Figure 3.7: Joint torques for different link length ratios (o = 12) and Fr=0 for the three feet
pushup.

Maximum Actuator Torques for Various d and a Combinations

After studying how d and « independently affect the actuator torques, the results show that
it is important to minimize the maximum torque. Thus, this section first discusses three
distinct cases where the knee joint torque is maximum. Recall that the flexure joint torque
is only affected by d when Fr equals zero and the torque is smallest with smaller d values.
Thus, the knee joint torque will be studied more closely. Next, relationships between d and
a will be established for each of the three cases. Finally, an expression for the optimal d
value that will minimize the maximum knee joint torque given « will be presented.

hi Ly
| |
—Xa—] —d-Ly—Fxg1 f=d-Lo—xs
l_d_Lb |— d __{
fF——d d

(a) Case A: height equals zero  (b) Case B: height when r3 is par-  (¢) Case C: maximum Height
allel to the ground

Figure 3.8: Cases for maximum height for the three feet pushup

As mentioned, the maximum knee joint torque when F7r equals zero occurs at three specific
cases depending on the value of d and «, as shown in Fig. 3.8. Case A, shown in Fig. 3.8(a),
is defined when the maximum knee joint torque occurs at the initial standing position (i.e.
h=0). Case B, shown in Fig. 3.8(b), is defined when the maximum knee joint torque occurs
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when r3 is parallel to the ground. This is also the maximum allowable range of the shank
link. Finally Case C', shown in Fig. 3.8(c), is defined when the maximum knee joint torque
occurs when the robot reaches its maximum height (thigh and shank links are aligned).
Thus, for each case the maximum knee joint torque can be calculated from Equation 3.8,
where x4, xg, and x¢o are calculated using Equations 3.9, 3.10, and 3.11, respectively and
are shown in Fig. 3.8.

-W
M34mam = TIA,B,OTC (38)
]_ (—]_ + Cl{)’r’totz
=-|d—Ly+ 3.9
A=y < "1+ a)(—d + Ly) (3.9)
QTtot
=—d+ L 1
Tp + Ly + (+a) (3.10)
d— Ly
= 11
e 14+« (3.11)

Now that equations for x4, rp, and z¢ have been expressed in terms of d and «, Cases A,
B and C' can be defined also in terms of d and . More specifically, when |z4| > |zp| and
|xa| > |xc| then, Case A is satisfied and the relationships between d and a are listed in
Table 3.1. On the other hand, when |zp| > |z4| and |zg| > |z¢| then, Case B is satisfied
and the relationships between d and « are listed in Table 3.2. Finally, when |z¢| > |x4| and
|zc| > |zp| then, Case C is satisfied and the relationships between d and « are listed in
Table 3.3. Thus, for each of these cases, given « the ranges of d that will yield a maximum
knee joint torque can be found.

Table 3.1: Clase A: Relationship between d and « that yields a maximum knee joint torque
for the three feet pushup.

« d range
0<a<¥ Ly 4 nettiod < g < L + 1y
V3 (Ttot—Qriot) (ariot) 1 [ (=3+4a2)rioe?
T <a<l Lb+W§d§Lb+3(l—ﬂi)—§\/Tyt
or
34402 )rpor2
%(3Lb‘|‘ iy + ( Szrfia))zt - ) <d< Ly+ 1
a=1 Ly + 2t <d < Ly + Tt
a>1 dzLH—%

Fig. 3.9 summarizes the results of Cases A, B, and C for « ranging from 0 to 3 and the
corresponding d values. For this analysis, a total link length, r;,, was chosen to be 1.2 m, L,
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Table 3.2: Clase B: Relationship between d and « that yields a maximum knee joint torque

for the three feet pushup.

Q@ d range
oz—f d:Lb‘i‘(—l‘i‘%)rrtot
V3 (ariot) 1 [ (=3+4a2)rior 1 areo —34+4a2)r¢o
5 < a< 1 Lb+3(1i;) _5\/ (1+a)2tt §d§§(3 1+at "’\/ (14a)? - )
a=1
(—1+a)reo ATiot
a>1 Ly + =7 )”<d<Lb+(2ﬁa)

Table 3.3: Clase C: Relationship between d and « that yields a maximum knee joint torque

for the three feet pushup.

Q@ d range

a>1

Lb + é:fm < d < Lb + Ttot

was set to 0.18 m and Fr was equal to zero. Fig. 3.9(a) represents the maximum knee joint
torques given « and d. Note that for a > 1 the minimum maximum knee joint torque occurs
for values of d that satisfy g equal to x¢. Also, for @ < 1 the minimum maximum torque
occurs for d values for when the derivative of x 4 equals zero. Thus, given a link length ratio,
«, the optimal d, d,;, that will yield the minimum maximum knee joint torque can be found

using Equation 3.12. Also, it can be concluded that given a d value the largest o will yield
the minimum maximum knee joint torque.

Max Knee Joint Torque Nm

(a) Knee joint torque

t Torque Nm

|
o

Max Flexure Join
A

(b) Flexure joint torque

Figure 3.9: Maximum joint torques for different d and « values when Fr =0 for the Three

Feet Pushup
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—(—1+C¥2)Ttot2

Ly + Tra a <1
Ay — (e (3.12)
Lo + &¥a azl

Fig. 3.9(b) shows the maximum flexure joint torque for different d and « values when Fr
equals zero. As previously noted, a does not affect the flexure joint torque when Fr equals
zero. Thus, in order to minimize the flexure joint it is best to choose the smallest d value.

Effects of the Tangential Force on Actuator Torques

The effects of a friction force at the feet on the actuator torques were studied. As mentioned
in Section 3.1.2, a range of —2.84N < Fr < 2.84N was considered given a maximum
magnitude of 2.84 N (%) acting in positive and negative directions at the feet. For this
analysis, the three feet pushup can be divided in two other cases: Case 1 and Case 2
(separate from Case A, B and C, previously discussed), as shown in Fig. 3.10. Case 1 is
defined as the case when § < 64 < 7 (Fig. 3.10(a)) during the entire standing motion and
r3 < d — Ly. Case 2 is defined as the case when 6, will equal 7 at least once as the robot
stands and r3 > d — L;, (Fig. 3.10(b)). The chosen parameters for Case 1 were r3 = 0.45 m,
r4=0.75 m, and d = 0.65 m. For this case d — L, = 0.47 m. On the other hand, the chosen
parameters for Case 2 were r3 = 0.45 m, r,=0.75 m, and d = 0.55 m, where d — L, = 0.37
m. In order to adequately compare the two cases the same link length ratio (aw = 0.6) was
selected.

(a) Case 1: r3 < d— Ly (b) Case 2: 13 > d— Ly

Figure 3.10: Case study of the three feet pushup standing up method.

Case 1 knee and flexure joint torque results for the allowable friction force range are shown
in Figs. 3.11(a) and 3.11(b). It was found that a tangential force acting inwards toward the
center of the body results in lower actuator torques than a tangential force acting outwards.
Also, the magnitude of the knee joint torque for Case 1 and Fr equal to zero will always be
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Figure 3.11: Joint torque region defined by a maximum and minimum Fr for the three feet
pushup.

greater than zero since the shank link will never be perpendicular to the flat surface because
r3 < d — L. The local maximum of the knee joint torque curve occurs when the thigh link
is parallel to the ground. The magnitude of the flexure joint torque linearly decreases when
the Fr pushes inwards towards the center of the body and linearly decreases when Fp pushes
outwards. The positive direction of Fr is shown in Fig. 3.4. When no tangential forces exist

the flexure joint is constant and equal to M.

Case 2 knee and flexure joint torque results for the allowable friction force range are shown
in Figs. 3.11(c) and 3.11(d). For this case, it was also concluded that a tangential force
pushing inwards towards the center of the body will result in less actuator torques than a
tangential force pushing outwards. The knee joint torque will equal zero when Fp equals
zero and the shank link, r4, is perpendicular to the ground. Also, the local maximum of the
knee joint torque plots occurs when the thigh link, r3, is parallel to the ground. The same
flexure joint torque trends as Case 1 occur for C'ase 2. The flexure joint torque linearly
decreases in magnitude when F7r pushes inwards and linearly increases in magnitude when
Fr pushes outwards. Also, the flexure joint torque is constant when Fr equals zero.

After comparing the actuator joint torque results given an allowable friction force range,
defined by a friction coefficient and normal force, it was concluded that a maximum tangential
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force acting inwards towards the body will result in the lowest actuator torques as the body
lifts using the three feet pushup.

3.1.4 Overall Conclusions of the Three Feet Pushup

The three feet pushup is one of the considered standing up methods for STriDER. It sym-
metrically uses its three legs to lift the body. First, the feet of the robot are placed to the
desired final foot positions and the body is then lifted upwards by pushing the feet against
the ground. Since the three legs act in the same way one leg can individually be analyzed
and modeled as a slider-rocker mechanism. The effects of three important parameters on
the actuator torques as the robot stands up were investigated. These parameters included,
a distance d defined by the distance between the projected center of the body on the ground
and foot position, a thigh and shank link length ratio, a;, and friction force Fr at the feet.
The effects of all three parameters were considered given a total link length value of, 7,
equal to 1.2 m, L, equal to 0.18m, and total body weight, W, of 28.42 N.

First, the effects of d and a on the actuator torques were investigated individually ignoring
the tangential forces. Then, d and a were coupled and the maximum actuator torques were
analyzed for Fr equal to zero. Three distinct cases were defined where the maximum knee
joint torque may occur depending on the values of d and «. In order to minimize the knee
joint torque, a relationship between d and o was established to determine the minimum
maximum knee joint torque. It was found that for a given link length ratio, a;, an optimal
d value, d,,, can be calculated using Equation 3.12. Also, for a given d value, the largest
a will yield a minimum maximum knee joint torque. Although a maximum « yields lower
actuator torques when Frp equals zero, it is important to note that link lengths will most
likely be optimized for walking and not standing. Thus, optimizing d, in this case, is more
beneficial than optimizing «. It was also found that the flexure joint torque is not affected by
different link length ratios and a minimum d value will yield the lowest flexure joint torque.
The literature review findings concluded that for human pushups, the elbow joint torque
decreases as the distance between the hand positions increases. For STriDER, a human
elbow is the same as its knee joint thus, from the three feet pushup knee joint torque results
it was found that for a range of low d values as d increases and the body moves upwards
the maximum knee joint torque does decrease. However, for a range of high d values the
maximum knee joint torque increases as d increases.

Finally, the effects the tangential forces, Fr, were studied. Two cases were presented (Case
1 and Case 2) where Case 1 is defined when r3 < d — L, and Case 2 is defined when
r3 > d — L. It was found that a tangential force acting inwards towards the center of the
body will yield lower actuator torques than a tangential force acting outwards.
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3.2 Two Feet Pushup

The two feet pushup begins with the robot flat on the ground with all three legs extended
outwards (Fig. 3.12(a)) then, two of its legs move inwards toward the body to their final
desired position, defined by d, leaving one leg extended (Fig. 3.12(b)). d is the distance
from the center of the body to the desired final foot positions for the two bending legs. Once
the two legs reach their desired foot positions, the body is pushed upwards by the two legs
pushing against the ground until it reaches its maximum height (Fig. 3.12(c) to 3.12(f)).
Note that the flexure joint of the straight leg follows an arc defined by the thigh and shank
links as the robot stands. The maximum body height is achieved when the thigh and shank
links of the bending legs are aligned. Although this method is statically stable always since
all three feet are touching the ground and the projected center of gravity lies inside the
support triangle, it requires high torques at the actuators due to the large moment arms.

) Initial position ) Desired foot position ¢) Begins to move upwards
(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.12: The motion of the two feet pushup.

This method follows the same motion as a human pushup thus, the research findings will
be more relative for this standing up strategy. Note that the foot positions do not form an
equilateral triangle for the two feet pushup because two of the legs bend and the third leg
must remain straight. Also it was preferred not to actuate the rotator aligning mechanisms
for simplicity, so an equilateral triangle is not formed due to this choice. Thus, the two
feet pushup and three feet pushup methods cannot be directly compared. The configuration
of the two bending legs in the two feet pushup standing up method is the same, while the
third leg (straight leg) keeps the thigh and shank links aligned as the robot stands. Thus,
the analysis of the two feet pushup is divided in two parts: analysis of the bending leg and
analysis of the straight leg. A kinematic and torque analysis is presented for the portion when
the body begins to move upwards and reaches its maximum height (Fig. 3.12(b) to 3.12(f)).
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A range of d values, various link length ratios (o = :_i) and a range of allowable tangential
friction forces between the feet and the ground will also be investigated in the analysis. As
stated in Section 3.1, the minimum allowable d is the difference between the thigh and shank
link length plus the body link (L, = Lo + L; + Lo) length. The maximum allowable d is
the added length of the thigh, shank, and L;. The range of tangential contact force between
the foot and the ground is defined by the friction coefficient and the normal contact force
due to gravity. Thus, the minimum tangential contact force is zero (no friction force) and
the maximum tangential contact force is the normal force times the friction coefficient for a
non-slip condition. As long as the tangential contact forces, at the three feet, satisfy these
conditions and the force balance is satisfied, the tangential forces can be adjusted by force
control of the actuators of the robot. The choice of the tangential force will effect the motor
torque requirements at the joints.

3.2.1 Kinematic Analysis for the Two Feet Pushup

The inverse kinematics procedure discussed in Section 2.3 will be used to find the joint
angles of the bending and straight leg as the body moves upwards. In order to use the
inverse kinematics method to find the rotator, flexure and knee joint angles, the global body
position and orientation and global foot positions as the robot stands must be known. The
global foot position in global coordinates, assuming the global coordinates are located in the
initial center of the body location, for the straight leg are dgl = [(Lg +Tt) O O]T and for

the bending legs d}? = [‘7‘1 @ O}T and d}® = L‘Td _T\/gd O}T. Note that the feet positions
do not move as the robot stands up. The global body orientation as the robot stands,
RéB , is always zero since the body does not rotate about the Xy, Yy, or Z; axis. The body
position in global coordinates changes in both the Xy and 7, directions. The body height
(body position in +Z; direction) is assumed to be an input from zero to a maximum height,
calculated from Equation 3.13. Note that the maximum height is calculated from a constant
d value, Ly, and r.,;, where 1., equals the total thigh and shank link lengths. Once the
height of the body is known, the X position of the body is calculated using Equation 3.14.
Now the global body position, orientation and foot positions are known given d, L;, and
T4ot, SO inverse kinematics can be used on each leg to find the rotator, flexure and knee joint
angles (0o, 05;,04;) as the body stands up.

\/ —(d = Ly = r10r) (d = L+ 710t) ((d = L) + 2 (d = L) 710t + 3rior?)

[ 3.13
(d — Lb -+ 2Ttot) ( )

BXOpos = Ttot — \/ —h2 -+ T%ot (314)
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3.2.2 Static Force Analysis for the Two Feet Pushup

Once the rotator, flexure and knee joint angles are calculated for each leg using the inverse
kinematics method, a static force analysis can be completed to calculate the actuator torques.
Notice that as the body lifts using the two feet pushup method, the weight distribution for
each leg changes. Fig. 3.13 shows the forces at the feet for each leg and Equations 3.15
and 3.16 are used to calculate the normal forces at the feet. Recall that d is the distance
between the bending legs foot positions and the projected center of the body, ;. is the sum
of the thigh and shank link lengths, h is the height of the body, L; is the body link length
(Lo + Ly + L), shown in Fig. 2.1, and W is the total weight of the body. In order for the
forces to be balanced in the z-direction the sum of the normal forces at the feet must equal
the total weight of the robot.

, 4
Bending Legs ,t Y

Figure 3.13: Forces at the feet for the two feet pushup.

B (d+ 2r4pr — 24/ —h2 + 12, W (3.15)

d + Q(Lb + Ttot)

Ly +/—h* + &)W
W, = 1w, = L riot) (3.16)

d + 2(Lb ‘l— Ttot)

The x and y components of the maximum friction force at the feet are calculated using
Equations 3.17, 3.18, and 3.19. The maximum allowable tangential force at each foot is the
friction coefficient, u, times the normal force at the foot. Thus, for the straight leg, leg 1,
the maximum tangential force, Fp, is equal to uW; and for bending legs, legs 2 and 3, the
maximum tangential force at the feet, Frp, and Fp, are uWs and pWs, respectively. Since
both bending legs act the same as the robot stands, only leg 2 will be analyzed and leg 1
will be used for the straight leg torque analysis.
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Straight Leg Joint Torque Equations

The joint torques for the straight leg, labeled in Fig. 3.13, will first be discussed. A general
torque expression, shown in Equation 3.20, will be used to find the individual joint torque
equations. This equation shows that torque can be calculated by taking the cross product of
a distance vector from the feet to the joint with a force vector at the feet and then taking the
dot product of that result with the a unit vector at the desired joint. Since the equations for
the forces at the feet have been discussed, the next step is to determine the vectors from the
feet to the rotator, flexure and knee joints. Note that the rotator joint does not experience
any torque for the straight leg since the leg does not rotate as the body stands up.

Torque = [{dng,dygg,dz{g} X {Fy, F,, FZ}} -1 (3.20)

The vectors from the feet to the flexure and knee joints are found using Equations 3.21 and
3.22, where By, is the current body position from the +Xj axis, 1, is the sum of the
thigh and shank link lengths (r3 + 74), and 631 is the flexure joint angle for leg 1 calculated
using the inverse kinematics method discussed in Section 3.2.1.

) dx%;l Bxopos = Ttot
dzp, h
d:L’?jgl Bxopos = Ttot + 73500 (031)
dz3, h — r3cos(631)

Now that the distance and force vectors are know for the flexure and knee joints the joint
torques for the straight leg can be calculated from Equations 3.23 and 3.24, respectively.
Note the the unit vector for the flexure and knee joint torque is the same ({0, —1,0}).
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Moy = —dz}, Fra, + day, Wy (3.23)
M34S = —dZ?;lFTxl + dl’?l’glwl (324)

Bending Leg Joint Torque Equations

Similar to the straight leg, the distance between the feet and the rotator, flexure, and knee
joints were found for the bending leg and can be calculated using Equations 3.25, 3.26, and
3.27, respectively. As previously mentioned, By, is the current body position from the
+ X, axis, Lg is the distance between the center of the body to the rotator joint, 7, is the
sum of the thigh and shank link lengths (r3+74), and 9, 635, and 64 are the rotator, flexure
and knee joint angles for leg 2 calculated using the inverse kinematics method discussed in
Section 3.2.1.

dx}Dz BXOpos + %l - %LO
dp, = | dyp, | =| L (~d+ L) (3.25)
dzp, h
9 dz%g BXOPOS + %l - %
dz3, h
dz?, Bxypo, + %(d — Ly — r35in(033) — /3rscos(fsy)sin(6a)
d?jp2 = | dyp, | = % (\/gd + /3Ly + V/3rssin(fsy) — rgcos(egg)sz'n(Qgg)) (3.27)
dz}, h — 1r3c05(0s3)cosba:

From the distance and force vectors, the rotator, flexure and knee joint torque can be cal-
culated from Equations 3.28, 3.29, and 3.30, where Wj is the the normal force at the foot of
leg 2. The general torque expression (Equation 3.20) was used to determine the individual
joint torques.

1
M12B - §(dz})2(\/§FT$2 + FTyz) - (\/gdxlpg _I_ dyIPQ)W2) (328)

Mas,, = %(dz%z(Fsz —\3Fr,,) — dasp, Wy + \/gdy]%ng)cos (099) +
(3.29)
(dyj%g FTOD2 - dx2P2 FTyz)Sin (‘922)
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M34B = %(dzi% (FT-'E2 — \/éFTyQ) — dl’?jDQWQ + \/gdy})’;QWQ)cos (922) +
(3.30)
(dy}, Fray — dvp, Fry,)sin (0as)

3.2.3 Actuator Torque for Two Feet Pushup

This section will investigate the effects of d, link length ratio (o = :—i), and Fr on the
actuator torques. Similar to the three feet pushup analysis, first, the effects of d and «a on
the actuator torques when F7r equals zero will be considered independently. Then, d and «
will be coupled and an optimization will be completed to determine an optimized « and d
combination that will minimize the joint torques when Fr equals zero. The effects of Fr on
the actuator torques will also be studied. A total link length (r;,= r3 + 74) of 1.2 m, body
link length, Ly, (=Lo + L1 + Lo, shown in Fig. 2.1) equal to 0.18 m, a friction coefficient,
1, of 0.3 and total body weight, W, of 28.42 N were chosen for the entire actuator torque
analysis.

Effects of d on Actuator Torques

The effects of the value of d on the actuator torques were studied. The parameters chosen
for the analysis were as follows: r3 = 0.45 m, 74 = 0.75 m, (or @ = 0.6) and d ranged from
(rg—rs)+ Ly and (r3+74+ Lp). Figs. 3.14 and 3.15 show the rotator, flexure and knee joint
torques for the straight leg and bending leg.

Flexure Joint Torqug Nm
)
Knee Joint Torque N m

(a) Flexure joint torque (b) Knee joint torque

Figure 3.14: Straight leg joint torques for various d values and Frr =0 for the two feet pushup.

As shown in Fig. 3.14, the flexure joint of the straight leg experiences a much higher torque
than the knee joint. This is because the moment arm for the flexure joint is much longer
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than for the knee joint. However, for both joints a smaller d will reduce the joint torques
for the straight leg. Note, that the rotator joint experiences no torque since the straight leg
does not rotate as the robot stands using the two feet pushup.

Flexure Joint Torque N m
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(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque

Figure 3.15: Bending leg joint torques for various d values and Frr =0 for the two feet pushup

The rotator joint of the bending leg does rotate as the robot stands up, as shown in Fig.
3.15(a). The rotator joint torque is initially zero for any d value. As the value of d increases,
the allowable maximum height decreases so, the support triangle of the robot is much larger.
For smaller d values the robot can stand up to a higher height and the torque at the rotator
joint increases. Thus, in order to reduce the torque at the rotator joint for the bending leg it
is best to have a larger d value so the allowable maximum height of the robot is minimized.
Next, the flexure joint torque for the bending leg, shown in Fig. 3.15(b) was analyzed. It
is evident that smaller d values yield lower torques at the flexure joint. Finally, the knee
joint torque for the bending leg, shown in Fig. 3.15(c) was analyzed. It was found, for this
example, that the largest torque for a given d occurs when the robot is flat on the ground.
In fact, the minimum maximum knee joint torque occurs when d equals 0.94 m.

Effects of Link Length Ratio on Actuator Torques

The effects of the link length ratio, o (= :—Z), on the joint torques for the straight and bending
leg were investigated given a d value of 0.65 m and Fr equal to zero, as shown in Figs. 3.16
and 3.17.

For the straight leg, it was found that the link length ratio, o, does not affect the flexure
joint torque. However, the knee joint torque is affected by «, as shown in Fig. 3.16(b). It
may be concluded that for a given d value and Fr equal to zero, the knee joint torque for
the straight is minimized when « is large.

Next, the joint torques for the bending leg were investigated. It was found that neither the
rotator joint nor the flexure joint of the bending leg are affected by the link length ratio, as
shown in Figs. 3.17(a) and 3.17(b). Thus, for both the straight and bending leg, the knee
joint is the only joint affect by a when d is specified and Fr equals zero. The « value that
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(a) Flexure joint torque (b) Knee joint torque

Figure 3.16: Straight leg joint torques for different link length ratios (o = ) and Fr=0 for
the two feet pushup.

B

Rotator Joint Torque N m

(a) Rotator joint torque (b) Flexure joint torque (c¢) Knee joint torque

Figure 3.17: Bending Leg joint torques for different link length ratios (o = :—Z) and Fr=0
for the two feet pushup.

yields the minimum maximum torque as the robot stands is considered to be the optimal «
for this case. An optimization is presented in the next section.

Actuator Torques Optimization for Various d and a Combinations

Once the effects of d and a on the actuator torques were studied individually for both the
straight leg and the bending leg, when Frr equals zero, a better understanding of these values
was obtained. A cost function was developed to study the effects of d and « together on
both legs. The cost function is calculated from Equation 3.31, where Mss, and Ms4, are
the flexure and knee joint torques for the straight leg and My, Mss,,, and Ms,,, are the
rotator, flexure and knee joint torques for the bending leg.
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Cost = MQgSZ+M34S2+M1252+M23B2+M34B2 (331)

Figure 3.18: Two feet pushup d and « optimization.

Fig. 3.18 shows the results of the optimization. This plot was generated by plotting the
maximum cost for a variety of d and « values as the robot stands. For example, the maximum
cost as h goes from zero to h,,., when d equals 0.65 m and alpha equals 0.6 is 170.5. From
the optimization results, it was found that for a given a a d that will minimize the cost
function is the smallest allowable d. Also it can be concluded that for a given d value the
largest o will yield the lowest cost.

Effects of the Tangential Force on Actuator Torques

The effects of the tangential forces on the actuator torques were also considered for the
straight and bending leg. The straight leg was first analyzed and the flexure and knee joint
torque results are shown in Fig. 3.19. It was found that the flexure joint experiences a larger
torque than the knee joint. Also, a tangential force acting inwards towards the body yields
a lower torque than a tangential force acting outwards.

Next, the rotator, flexure and knee joint torques for different tangential forces were studied
for the bending leg. As shown in Fig. 3.20(a), the rotator joint torque has a unique response
to the tangential forces at the feet. At first, as the robot stands a tangential force acting
outwards reduces the rotator joint torque. However, when the tangential force vector is
parallel to the thigh link, the torque is equal for any tangential force. As the body continues
to stand up, the rotator joint torque is now minimized when the tangential force acts inwards
towards the center of the body. The flexure and knee joint torque results are shown in Figs.
3.20(b) and 3.20(c). Similar to the three feet pushup, both the flexure and knee joint torques
are minimized for tangential forces acting inwards.
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Figure 3.19: Straight leg joint torque region defined by a maximum and minimum Fr for
the two feet pushup
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(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque

Figure 3.20: Bending leg joint torque region defined by a maximum and minimum Fr for
the two feet pushup

3.2.4 Overall Conclusions of the Two Feet Pushup

The two feet pushup is the second standing up strategy method considered for STriDER.
It uses two of its legs to stand the robot while the third leg remains straight. First, two of
the feet of the robot are placed at a desired final foot position and the body is then lifted
upwards by pushing the feet against the ground. Note that the foot positions do not form
an equilateral triangle. Since two of the legs act the same and the third remains straight,
the analysis of the two feet pushup can be divided in two parts: straight leg and bending
leg. This method uses the same motion as a human pushup, where two arms push the body
upwards while the legs are kept straight. The effects of three important parameters on the
actuator torques as the robot stands up were investigated. These parameters included, a
distance d defined by the distance between the projected center of the body on the ground
and foot position, a thigh and shank link length ratio, «, and friction force, Frr, at the feet.
The effects of all three parameters were considered given a total link length value of, 7,
equal to 1.2 m, L, equal to 0.18m, and total body weight, W, of 28.42 N.

First, the effects of d and a on the actuator torques were investigated individually ignoring
the tangential forces (Fr=0). Then, d and a were coupled and a cost function was analyzed
for Frr equal to zero. From the cost function it was determined that for a given link length
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ratio, a;, a minimum allowable d would minimize the actuator torques. Also, for a given d
value a maximum « would minimize the actuator torques. As mentioned in the research
findings, Donkers et al. [18] found that as the distance between the hand position increased
the peak forces exerted on the elbow joint along a forearm axis decreased. For STriDER
it was found that as d increased the peak forces decreased when o and d are small and Fr
equals zero, as shown in the cost functions results (Fig. 3.18). For large values of a and
no tangential forces, as d increased the peak torque also increased. The difference in this
findings might be due to the fact that for STriDER’s analysis all three legs have the same
total length. For humans, the arm length (shoulder to finger) and lower body length (hip
to foot) is not the same, as mentioned in [20]. Also, as discussed in [19], the plane of arm
movement is a major factor in the forces and torque at the joints; this was shown in the two
feet pushup analysis. Note that the body translates in the +7, and +.X| directions as the
robot stand using the two feet pushup.

Finally, the effects of the tangential forces on the actuator torques were studied. It was
found that for the rotator joint torque of the bending leg a tangential force acting outwards
minimizes the torque; however, once the thigh link is parallel to the tangential force vector
at the feet then, any tangential force will yield the same torque. Once that position has
passed, a tangential force acting inwards towards the body will minimize the rotator joint
torque for the bending leg. Lastly, the flexure and knee joint torques for both the straight
and bending leg are minimized when the tangential force at the feet acts inwards toward the
center of the body.

3.3 One Foot Pushup

The one foot pushup begins with all three legs straight and flat on the ground, as shown
in Fig. 3.21(a). Then, one leg moves inwards toward the body to a final desired final foot
position as the other two legs remain straight on the ground (Fig. 3.21(b)). The distance
between the bending leg’s desired foot position and the center of the body is defined as d.
Next, the body is pushed upwards by the bending leg until it reaches a maximum height
(Fig. 3.21(c) to 3.21(f)). Note that the feet do not move once the bending leg’s foot is in
the desired position. As noted before, the maximum height is reached when the thigh and
shank links of all three legs are aligned. This method is also always statically stable since all
three feet are touching the ground and the projected center of gravity lies inside the support
triangle.

The configuration of the two straight legs (Fig. 3.21(b)) in the one foot pushup is the same,
while the third leg (bending leg) is positioned at a desired foot position defined by d. Thus,
the analysis of the one foot pushup is divided in two parts: analysis of the straight legs and
analysis of the bending leg. A kinematic and torque analysis is presented for the portion
when the body begins to move upwards and reaches its maximum height (Fig. 3.21(b) to
3.21(f)). A range of d values, various link length ratios (@ = 2) and a range of allowable
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) Initial position ) Desired foot position ¢) Begins to move upwards
(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.21: The motion of the one foot pushup.

tangential friction forces between the feet and the ground will also be investigated in the
analysis. As stated in Section 3.1 and Section 3.2, the minimum allowable d is the difference
between the thigh and shank link length plus the body link length. The maximum allowable
d is the added length of the thigh, shank, and L,. The range of tangential contact force
between the foot and the ground is defined by the friction coefficient and the normal contact
force due to gravity. Thus, the minimum tangential contact force is zero (no friction force)
and the maximum tangential contact force is the normal force times the friction coefficient
for a non-slip condition. As long as the tangential contact forces, at the three feet, satisfy
these conditions and the force balance is satisfied, the tangential forces can be adjusted by
force control of the actuators of the robot. The choice of the tangential force will effect the
motor torque requirements at the joints.

3.3.1 Kinematic Analysis for the One Foot Pushup

As discussed in the inverse kinematics section, Section 2.3, if the global body position and
orientation and the global foot positions are known, the rotator, flexure and knee joint
angles can be calculated. For the kinematic analysis, the global coordinate is assumed to
be located at the initial center of the body position. First the global foot position for the
bending leg is defined by d, where the foot position is déjl =1[do O]T. The global foot

—(LB+rmt> VB(Lptrion) T

positions for the two legs that are initially straight are d(I)D2 = [ 5

T
and dj* = _(LB+TtOt) _‘/g(Ler”"t) 0| . Now that all three global foot positions have been

deﬁned the global body position and orlentatlon must be found. Note that the body does
not change its orientation during the one foot pushup thus, the body orientation, R , 1
always 0. However, the body’s global position does change in the Xy and %, directions as
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the robot stands up. The maximum allowable height given d, L;, and 7, is calculated using
Equation 3.32. The X body position as the robot stands is found from Equation 3.33 where
h is the given body height and ranges from zero to the maximum height. Now that the
foot positions and body position and orientation are known based on global coordinates, the
rotator, flexure and knee joint torques can be calculated using the equations in Section 2.3.

A V= (d = Ly)(d — Ly — 7t6)(d — Ly + 7001)(d — Ly + 271ct)
e (2d - 2Lb + Ttot)

1
By, = 5 (=1 /=407 + 12, (3.:33)

3.3.2 Static Force Analysis for the One Foot Pushup

(3.32)

Using the rotator, flexure and knee joint angles calculated from the inverse kinematics, a
static force analysis can be completed to calculate the actuator torques. Similar to the two
feet pushup, as the robot stands the weight distribution between the three legs changes. A
friction force and normal force will be applied at each foot, as shown in Fig. 3.22. Leg 1
is the bending leg in this case, while legs 2 and 3 remain straight at all times. The normal
force at the feet, Wy, W5, and W3 can be calculated using Equations 3.34 and 3.35.

Straight Legs FT2 W2 Bending Leg

Figure 3.22: Forces at the feet for the one foot pushup.

(Lb -+ —4h2 + (Ttot)z) W
L 2d + Lb + Tiot

(3.34)

Wy = W (2d+r“’t — Vo (””)2) v 3.35
2o 2(2d 4 Ly, + 7401) (8:35)
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Next, the x and y components of the friction forces at the feet (Frp,, Fr,, and Fr,) are
calculated using Equations 3.36, 3.37, and 3.38. The maximum allowable tangential force
at each foot is the friction coefficient, p, times the normal force at the foot. Thus, for the
bending leg, leg 1, the maximum tangential force, Fp, is equal to uW; and for the straight
legs, legs 2 and 3, the maximum tangential force at the feet, Fp, and Frp, are pWs and pWs,
respectively. Since both straight legs act the same as the robot stands, only leg 2 will be
analyzed and leg 1 will be used for the bending leg torque analysis.

F l 1;; ] _ [ Mgvl ] (3.36)
e = l ?l: ] 5y —<uW_1;TW+1 A(uW2)? } o

. :lFTZS]:[ — ] (3.38)
, Fr. — L= ()2 + 4(puIy)2 |

Bending Leg Joint Torque Equations

Similar to the two feet pushup the static force analysis of the one foot pushup was divided
in two parts: bending leg and straight leg. In the case of the one foot pushup, only one
leg bends to a desired final foot position and pushes the body upwards while legs 2 and
3 (straight legs) also lift but do not change their initial foot positions. The same general
torque expression (Equation 3.20) used in the two feet pushup static force analysis, Section
3.2.2, will be used for the one foot pushup actuator torque analysis. As mentioned, from the
general torque analysis, torque can be calculated by taking the cross product of a distance
vector from the feet to the joint with a force vector at the feet and then taking the dot
product of that result with the unit vector at the desired joint. Since the equations for the
forces at the feet have been discussed, the next step is to determine the vectors from the feet
to the rotator, flexure and knee joints. Note that the rotator joint does not experience any
torque for the bending leg since the leg does not rotate as the body stands up.

The distance vector components (x, y, z) from the foot positions to the flexure and knee
joints are calculated using Equations 3.39 and 3.40, where By, ., calculated from Equation
3.33, is the body position relative to the X, axis (assumed to be located in the initial center
of the body position), d is the initial distance between the global coordinates and the desired
final foot position of leg 1, L; is the body link (= Lo+ L1 + L), 73 is the thigh link length,
and f3; is the flexure joint angle as the body stands up.

) dl’%pl BXOpos —d + Lb
dz = | dyp, | = 0 (3.39)
dzp, h
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dx?ﬁl Bxy,o, — d+ Ly + 13511(031)
d}, = | dy}, | = 0 (3.40)
dzp, h — r3cos(6s)

By combining the force vector, distance vector and unit vector equations for the flexure and
knee joints, the actuator torque equations can be found. Equations 3.41 and 3.42 represent
the flexure and knee joint torque equations, where W is the normal force at the foot of the
bending leg.

MQgB = —dzlzglFTxl + dﬁ;lWl (341)
M34B = —dZ?;lFTxl -+ dl’?l’glwl (342)

Straight Leg Joint Torque Equations

The straight leg actuator torque equations were found following the same procedure as the
bending leg. First, the distance vector components (x, y, z), defined by the distance from
leg 2 foot position to the joints, were found. Equations 3.43, 3.44, and 3.45 are used to
calculated the distance vectors to the rotator, flexure, and knee joint, respectively. Recall
that Bx,,,, is the center of the body position relative to Xy (calculated using Equation 3.33),
Lo is the link between the rotator and flexure joint, 7, is the total link length of the thigh
and shank links, h is the height of the body, r3 is the thigh link length, 35 is the flexure
joint angle for leg 2 as the robot stands, and 6y is the rotator joint torque for leg 2.

dx}g2 [ Bxgpos + % (Lo + 7t0t)
d}DQ = dy}% = — 4 (Lo + 7t01) (3.43)
dzp, i h
dft%gz ] Bxopo. T 5
dj, = | dy?, | = =/Brsos (3.44)
dzp, | h
d:(;?ﬁQ BXOpos + %(Ttot — T38in(932) — \/37’3008(932)8’”1(‘922)
d?])gz = dy;% = % (—\/thot + \/§T38in(932) - 7’3008(932)8’”1(922)) (345)
dz?’g h — 7"3008(932)008‘922

Next, the rotator, flexure and knee joint torque equations can be found from the force vector
at the foot of leg 2, the distance vectors from the foot position to the joint positions and the
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unit vectors. Equations 3.46, 3.47, and 3.48 are used to calculate the joint torques, where
W5 is the normal force at the foot of leg 2.

1
Mysg = 2 (d2p,(V3Frs, + Fry,) = (V3dap, + dyp,) W) (3.46)

Moz = %(dZ?DZ(Fsz —V/3Fr,,) — dasp, Wy + \/gdy]%QWQ)cos (0) +
(3.47)
(dy2P2FTm2 - dx%gFTw)Sin (922>

Mssy = 3(dz}, (Pro, — V3Fry,) — duh, Wa 4+ V/3dyd, Wa)cos (02) +
(3.48)
(dyp, Fre, — dop, Fry,)sin (65)

3.3.3 Actuator Torque for One Foot Pushup

This section will investigate the effects of d, link length ratio (o = :—j), and Fr on the
actuator torques. Similar to the three feet pushup analysis and two feet pushup analysis,
first, the effects of d and « on the actuator torques when F7r equals zero will be considered
independently. Then, d and « will be coupled and an optimization will be completed to
determine an optimized o and d combination that will minimize the joint torques when Fp
equals zero. The effects of Fr on the actuator torques will also be studied. A total link
length (ry;= 73 + 74) of 1.2 m, body link length, L, (=L¢ + L1 + Lo, shown in Fig. 2.1)
equal to 0.18 m, a friction coefficient, u, of 0.3 and total body weight, W, of 28.42 N were
chosen for the entire actuator torque analysis.

Effects of d on Actuator Torques

The effects of d on the actuator torques when o (= :—j) is equal to 0.6, and Fr is equal to zero
was studied for both the bending and straight leg. Recall, that with the given parameters d
ranges from (ry —73) + Ly and (r3 + 74 + Lp). Figs. 3.23 and 3.24 show the rotator, flexure
and knee joint torques for the bending leg and straight leg.

As shown in Fig. 3.23(a), the flexure joint torque for the bending leg is lowest at h equal to
Pmae When d is smallest. Also, the maximum height is constrained to the value of d thus, for
larger d values the maximum allowable height is smaller. The minimum maximum flexure
joint torque occurs when d and h are small for the chosen parameters (o« = 0.6 and Fir = 0).
Similar to the flexure joint torque of the bending leg, the minimum knee joint torque for
the bending leg, shown in Fig. 3.23(b), also occurs when d is smallest and at its maximum
height.
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(a) Flexure joint torque (b) Knee joint torque

Figure 3.23: Bending leg joint torques for various d values and Fr =0 for the one foot pushup.
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Figure 3.24: Straight leg joint torques for various d values and F =0 for the one foot pushup.

Next, the straight leg joint torques were studied for different d values as the robot stands up
using the one foot pushup. Similar to the two feet pushup, the rotator joint of leg 2 begins
at zero for all values of d. As the robot stands the rotator joint torque increases. Thus, in
order to minimize the rotator joint torque it is best if the final height of the robot is low, as
shown in Fig. 3.24(a). Next, the flexure joint torque for leg 2 was studied, as shown in Fig.
3.24(b). The minimum maximum flexure joint torque for leg 2 occurs when d is small. The
results of the knee joint torque as the body stands up with different d values for leg 2 are
shown in Fig. 3.24(c). The knee joint torque follows a similar pattern to the flexure joint.
Smaller d values yield lower joint torques and the minimum maximum knee joint torque
yields the best d value.
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Effects of Link Length Ratio on Actuator Torques

The effects of the link length ratio, a (= :—Z), on the joint torques for the bending and straight
leg were investigated given a d value of 0.65 m and Fr equal to zero, as shown in Figs. 3.25
and 3.26.

Nm

m

Flexure Joint Torque
I
4

Knee Joint Torque N

(a) Flexure joint torque (b) Knee joint torque

Figure 3.25: Bending leg joint torques for different link length ratios (o = 22) and Fr=0 for
the one foot pushup.

For the bending and straight leg, it was found that o does not affect the rotator or flexure
joint torques. However, the knee joint torques for the bending and straight legs do change as
a changes. From Fig. 3.25(b), it was found that the minimum maximum knee joint torque
for leg 1 occurs when « equals 1.5 and h equals 0.52. Also, from Fig. 3.26(c), the minimum
maximum knee joint torque for leg 2 occurs when « equals 3 and h equals 0.

(a) Rotator joint torque (b) Flexure joint torque (c¢) Knee joint torque

Figure 3.26: Straight leg joint torques for different link length ratios (o = ) and Fr=0 for
the one foot pushup.
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Actuator Torques Optimization for Various d and a Combinations

The same optimization approach used for the two feet pushup was implemented for the one
foot pushup. Equation 3.49 is used to determine the cost value of the one foot pushup
standing up strategy. The cost function is composed of the bending and straight joint
torques. The goal is to calculated the minimum maximum cost for various d and « ranges.
Thus, first the maximum cost as the robot stands for a pair of d and « was calculated.

COSt = M2332 + ]\434}32 + M1232 + M2352 + M3432 (349)

Figure 3.27: One foot pushup d and « optimization.

Once all the maximum values are found they can be plotted as shown in Fig. 3.27. For a
given d value the minimum cost occurs when « is largest and for a given o the minimum cost
occurs at lower d values. More specifically, for this example, it was found that the minimum
cost occurs when d equals 0.29 m and « equals 1.01.

Effects of the Tangential Force on Actuator Torques

The effects of the tangential force on the actuator torques was also considered for the bending
and straight leg (leg 1 and 2). The bending leg was first analyzed and the results are shown
in Fig. 3.28. For both the flexure and knee joints of leg 1 the torque is minimized when the
tangential force acts inwards towards the center of the body. The actuator torques are also
maximized when the maximum tangential force acts outwards.

Next, the actuators of leg 2 were analyzed for different tangential forces. As, shown in
Fig. 3.29(a), the rotator joint experiences less torque for a tangential forces acting outwards
than a tangential force acting inwards towards the body. However, the flexure and knee
joint torques do not act the same as the rotator joint. Instead, the same results as bending
leg were found for leg 2. So, the flexure and knee joint torques of leg 2 are minimized with
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Figure 3.28: Bending leg joint torque region defined by a maximum and minimum Fp for
the one foot pushup.
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Figure 3.29: Straight leg joint torque region defined by a maximum and minimum Fp for
the one foot pushup.

tangential forces acting inwards towards the center of the body and maximized for tangential
forces acting outwards.

3.3.4 Overall Conclusions of the One Foot Pushup

The one foot pushup is the third standing up strategy method considered for STriDER. It
uses one leg to push the body upwards as the other two legs follow the direction of the body
while keeping the feet at their initial foot positions. Fist, one leg positions its foot to a
desired final foot position defined by d. Then, the bending leg lifts the body and the other
two legs (legs 2 and 3) follow the body trajectory. Since legs 2 and 3 act the same, the
analysis of the one foot pushup was divided in two parts: bending leg and straight leg. Like
the three feet pushup and two feet pushup, the effects of three important parameters on the
actuator torques as the robot stands up were investigated. These parameters included, a
distance d defined by the distance between the projected center of the body on the ground
and foot position, a thigh and shank link length ratio, a;, and friction force Fr at the feet.
The effects of all three parameters were considered given a total link length value of, 7,
equal to 1.2 m, L; equal to 0.18m, and total body weight, W, of 28.42 N.
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First, the effects of d and a were studied individually ignoring the tangential force (Fr=0).
Then, d and o were coupled and a cost function was evaluated for Fr equal to zero. It was
determined that for a given d value, the minimum cost occurs when « is largest and for
a given «, the minimum cost occurs at lower d values. Similar to Donkers’ findings [18],
the cost function results for the one foot pushup (Fig. 3.27) showed that the peak forces
decreased as d increased for small o values. However, this did not occur for large « values.
As discussed in the two feet pushup section, the difference in results could be due to the fact
that for STriDER all legs are the same length, unlike humans where the arms have different
lengths than the lower body.

From the tangential force analysis, it was found that the flexure and knee joint torques of
both the bending and straight legs are minimized for a maximum tangential force acting
inwards towards the center of the body and maximized for a maximum tangential force
acting outwards. However, the rotator joint torque of leg 2 acts in the opposite manner.
Thus, for a maximum tangential force acting outwards, the rotator joint torque is minimized
while for a maximum tangential force acting inwards the rotator joint torque is maximized.

3.4 Spiral Pushup

The spiral pushup method begins with the robot flat on the ground with all three legs
extended outwards, as shown in Fig. 3.30(a). The feet are then positioned to a desired final
foot position, as shown in Fig. 3.30(b). The final foot position is defined by a distance d
(distance between the projected center of the body on the ground and foot position) and
desired maximum body rotation about the +7; axis. Once the feet are located at the desired
final feet position, the body is lifted upwards by actuating the rotator joints and the legs
pushing against the ground (Figs. 3.30(c) to 3.30(e)). The robot continues to lift and rotate
about the +7, axis until it reaches a maximum height, as shown in Fig. 3.30(f).

Note that the foot positions of the spiral pushup form an equilateral triangle. In fact, the
configuration for all three legs in the spiral pushup standing up method is the same thus, a
detailed analysis for only one leg is presented here as the other two legs will follow the same
procedure. A kinematic and static force analysis is presented for the portion when the body
begins to move upwards and twist and reaches its maximum height (Fig. 3.30(b) to Fig.
3.30(f)) for a range of d values, a range of allowable tangential friction forces between the
feet and the ground, a range of maximum body rotations about the 47, axis, and various
link length ratios, a. The distance between the projected center of the body on the ground
and final desired foot position is defined as d. As mentioned, a range of tangential contact
force between the foot and the ground is defined by the friction coefficient and the normal
contact force due to gravity. The body rotation about +Z; will range from zero (no rotation)
to a desired maximum body rotation as the robot stands. In this example, the body rotates
about the +7; in a clockwise direction, thus the angles will be negative. The effects of these
parameters on the actuator torques will be studied.
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(a) Initial position (b) Desired foot position (¢) Body begins to twist and lift
(d) Robot continues to stand up (e) Legs begin to straighten (f) Maximum height reached

Figure 3.30: The motion of the spiral pushup.

3.4.1 Kinematic Analysis for the Spiral Pushup

In order to obtain the rotator, flexure and knee joint angles as the robot stands using the
spiral pushup method, a d value and maximum body rotation (6z,ma. about +7, axis are
defined. Fig. 3.31 shows a top view of the robot when the feet are located at their desired
final foot positions. As mentioned, the final foot positions are calculated from d and 0,4,
using Equations 3.50 and 3.51. Recall that 6,4, is negative since the body rotates in a
clockwise direction. Also, the maximum allowable height for a given d value is defined in
the same way as the three feet pushup method, using Equation 3.3. Note that L, will equal
0.18 m for the entire standing up analysis.

P, — dsin (g + ezom) (3.50)

P, = —dcos (g + Hzomam) (3.51)

As the body height increases the current body rotation about the +Z7, axis, 0, can be
calculated using Equation 3.52, where h is the current body height, 0,4, is the maximum
body rotation along the +Z; and is a constant (negative), and /4, is the maximum height
when the thigh and shank links are aligned. In fact, the trajectory of the flexure joint forms
a helix defined by the body height and + 7, rotation, as shown in Fig. 3.32.
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Figure 3.31: Top view of the
analysis.

(a) Desired foot position (b) Body twists and lifts (¢) Maximum height

Figure 3.32: The flexure joint trajectory follows a helical shape.

0z, = p,Yzamas (3.52)

hmax

Since the global body position and orientation and the global foot positions are known,
(assuming the global coordinates are located in the initial center of the body location) the
rotator, flexure and knee joint angles can be calculated using the inverse kinematics procedure
discussed in Section 2.3.

3.4.2 Static Force Analysis for the Spiral Pushup

The rotator, flexure and knee joint torques are calculated using a static force analysis.
The actuator torques can be calculated using the general torque equation (Equation 3.20)
discussed in Section 3.2.2. Recall that this equation requires a vector from the foot to the
joint, a force vector at the feet and a unit vector at each joint to calculate torque. Thus,
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torque can be calculated by taking the cross product of a distance vector from the foot to
the joint with a force vector at the foot and then taking the dot product of that result with
the unit vector at the desired joint. The distance vector components (x, y, z) from the foot
of leg 1 to the rotator, flexure and knee joints as the robot stands are found using Equations
3.53, 3.54, and 3.55, where P, is the X, distance from the project center of the body to the
foot position, P, is the Yj distance from the project center of the body on the ground to the
foot position, Ly is the distance between the center of the body to the rotator joint, 0z, is
the body rotation about the Zj axis, r3 is the thigh link length, 6 is the rotator joint angle
for leg 1, and 63, is the flexure joint angle for leg 1.

Figure 3.33: Foot to joint position distance labels.

[dzp 1 [ =P+ Locos (0z,) ]
dp = | dyy | = | =P, + Losin (0z,) (3.53)
Ldzp ]| h ]
[ dz% ] [ —P, + Lycos (07,) |
dy = | dy¥ | = | =P, + Lysin (0y,) (3.54)
Lz || h ]
drd — P, + cos (0z,) (Ly + r3sin (051)) — r3cos (031) sin (0z,) sin (0a1)
db = | dy} | = | =P, +sin(0z,) (Ly + 13510 (031)) + r3c0s (031) cos (04,) sin (01)
leggl h — r3cos (931) coSs (‘921)

(3.55)

Also, the tangential force components (x and y) at the feet can be found from Equation
3.56, where W is the total weight of the robot and p is the friction coefficient. There is also
a normal force at each foot equal to % Note that the determined tangential force at the
foot is always parallel to the body link for each leg. Thus, the components of the tangential
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force are defined by the angle of rotation, f,, of the body. Although other tangential forces
exist at the foot, they are assumed to cancel each other out and will not be considered in
this analysis. Fig. 3.33 shows the components of the direction vector for each joint and the
chosen direction of the tangential force at the foot.

FT pWeos(=0z,)
Fr, = [ FT: ] = —,quiiL(—@ZO) (3.56)

From the general torque equation and the unit vector at the rotator joint found using forward
kinematics, the rotator joint torque can be calculating using Equation 3.57,

1
My = §W [dyllglcos (0z,) — dxp sin (920)] (3.57)

where dz}, dy%', dz} are the x, y and z vector components from the foot position of leg 1

to the rotator joint, 6z, is the body rotation about the +7, axis in the clockwise direction,
and W is the total weight of the body. Note that because the chosen tangential force and
the rotator joint have the same unit vector, Fr will does not affect the torque at the rotator
joint.
Next, the flexure joint torque can be calculated using Equation 3.58,
May = $cos (021) [—3d23 Fr + dap Weos (0z,) + dyp W sin (0z,)] +
(3.58)
Frsin (091) [dy?cos (0z,) — detsin (0z,)]

where dz?, dy%', dz% are the x, y and z vector components from the foot position of leg 1
to the flexure joint, 6, is the body rotation about the +Z7; axis in the clockwise direction,
f1 is the rotator joint angle for leg 1, and W is the total weight of the body.

Lastly, the knee joint torque can be calculated using Equation 3.59,

My = 5cos (021) [—3dz} Fr + dab Weos (0z,) + dyp Wsin (0z,)] +
(3.59)

Frsin (091) [dy3'cos (0z,) — dzdlsin (07,)]

where dx3, dy?}, dz3 are the x, y and z vector components from the foot position for leg 1
to the knee joint, 0, is the body rotation about the +Z; axis in the clockwise direction, 09;
is the rotator joint angle for leg 1, and W is the total weight of the body.

3.4.3 Actuator Torque for Spiral Pushup

As previously mentioned, a friction force was added to account for different tangential forces,
Fr. A maximum friction coefficient, u, of 0.3 was chosen for this analysis and the total weight
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of the robot was set to 28.42 N. A tangential force, Fir, can be chosen for any value less
than the normal force times the friction coefficient. Since only one leg is being analyzed the
maximum tangential force is one third of the weight of the body times p. The maximum
magnitude of the Fr is 2.84 N and can act in both the positive and negative direction,
—2.84N < Fr < 2.84N. The minimum magnitude of the Fr is equal to zero. The positive
and negative values of 7 account for an outwards and inwards force at the feet. The effects
of Ir, d, 0z,,,,, and link ratios (o = 72) on the actuator torques will be studied in this
section. A given total link length (r;;=r3 + r4) of 1.2 m was chosen for the analysis and dj
(shown in Fig. 3.31) can be calculated from Equation 3.60 using the law of cosines.

dy = /(L + d?) — (2L3dcos (~Zomas)) (3.60)

Effects of d on actuator torques

The effects of different d values on the actuator torques as the robot stands using the spiral
pushup were studied. The following parameters were used; r3 = 0.45 m, r,=0.75 m, and
0zymaz= —3%. Recall that, Lo, Ly, and L, will equal 0.1m, 0 m, and 0.08 m, for all of the
standing up strategy analysis. The minimum and maximum allowable d values were found

using Equations 3.61 and 3.62.

dmin - (LO + Ll + L2) COoS (_ZOma:c) +
(3.61)

\/—L02 — 2L0L2 — L22 + 7’32 — 27”37”4 + 7’42 -+ (Lo -+ L2)2COS (—Hzomam)2

dma:c - (LO + Ll + LZ) coSs (_ZOmax) +
(3.62)

\/—L02 — 2L0L2 — L22 -+ 7”32 + 27”37’4 -+ 7”42 + (L(] + Lg)chS (—Hzomax)2

Fig. 3.34 shows the actuator torque results for d values ranging from d,,;, to d,,... Note
that as the value of d increases the allowable maximum height of the body decreases since
the stance of the robot is larger. As shown in Fig. 3.34(a), the rotator joint torque increases
as d increases. This trend is the same for the flexure and knee joints, as shown in Figs.
3.34(b) and 3.34(c). Thus, it may be concluded that the actuator torques increase as the d
increases for the spiral pushup. However, although a smaller d value will yield less torque at
the actuators the robot will become more unstable since the support triangle formed by the
foot contact points is smaller.
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(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque

Figure 3.34: Actuator torque results for various d values for the spiral pushup method.

Effects of 04,,,.. on actuator torques

The effects of the maximum body rotation about the +7; axis was also studied for the
spiral method as the body stands. The maximum body rotation, 8z,,,q., shown in Fig. 3.31,
is assumed to be negative for all examples since the robot will be rotating in a clockwise
direction. The following parameters were chosen for this analysis; r3 = 0.45 m, r4,=0.75 m,
and d = 0.65 m. The minimum 6y,,,,, value was set to zero. Note, that when 0y,,.. equals
zero the motion of the robot is the same as the three feet pushup method. Thus, the three
feet pushup is a special case of the spiral pushup. The maximum 0z, value was set to

_TZW. The actuator torque results for various 0z,,q.. values are shown in Fig. 3.35.

Rotator Joint Torque N m
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(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque
Figure 3.35: Actuator torque results for different 0,4, values for the spiral pushup method.

The rotator joint torque for different 0z, ,,,, values is shown in Fig. 3.35(a). Note that when
0 zomaz €quals zero the rotator joint torque also equals zero, thus it agrees with the three
feet pushup method. Also, as 6,4, increases the rotator joint torque also increases. The
results for the flexure joint torque for various 07,4, values are shown in Fig. 3.35(b). When
0 zymax €quals zero the results are the same as C'ase 1 of the three feet pushup since the same
parameters were chosen. Note that for all cases the final flexure joint torque is the same
because a set d value and « value was defined thus, the same maximum height is reached.
Similar to the flexure joint torque, the knee joint torque, shown in Fig. 3.35(c), is the same
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for all 0,4, value when the robot reaches its maximum height. Also, the initial knee joint
torque is maximum when 6z,,,.. equals zero.

Effects of link length ratio on actuator torques

The effects of the link length ratio, « (:—Z), on the actuator torques were studied for the spiral
pushup standing method. Fig. 3.36 shows the actuator torque results as the body moves
upward for different link length ratios. Note that the rotator and flexure joint torques do
not change as o changes. However, the knee joint torque is affected by «, as shown in Fig.
3.36(c). The optimal link length ratio yields the minimum maximum torque as the robot
stands. From the given parameters the « that will yield the minimum maximum knee joint
torque is equal to 1.01.

— —R=ON

Rotator Joint Torque N m

oo 1

Flexure Joint Torque N m
L Lo

(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque

Figure 3.36: Actuator torque results for different o values for the spiral pushup method.

Actuator Torques Optimization for Various d, o, and 0y ,,,,, Combinations

An optimization was completed for the spiral pushup to determined the coupled affects of
d and 0z,mq: and d and «. Equation 3.63 was used to determine the cost value for the
spiral pushup stranding up strategy. The cost function is used to find the maximum value
as the robot stands for different parameter combinations. For example, d and 0z, were
firs coupled and « was set to 0.6.

COSt = M122 + M232 -+ .]\4342 (363)

The cost results were plotted, as shown in Fig. 3.37(a) and the minimum maximum cost
occurs when d equals 0.44 m and 07,4, equals =*. This approach would be beneficial for
determining the optimal operation values for an already designed robot that will use the
spiral method to stand up. Next, d and a were coupled and 07,4, Was set to =*. The cost
results are shown in Fig. 3.37(b). The minimum maximum cost for this case occurs when d
is equal to 0.39 m and « equal to 0.61.
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(a) Various d and « values (0 zymaz=—3") (b) Various d and 0z, 4. values (alpha = 0.6)
Figure 3.37: Spiral pushup optimization d, «, and 6z,,,4z-

Effects of the tangential force on actuator torques

The effects of a friction force at the feet on the actuator torques was studied for the spiral
method as the robot stands. As mentioned, a range of —2.84 N < Fr < 2.84N was considered
given a maximum magnitude of 2.84 N (%) acting in positive and negative directions at

the feet. The chosen parameters were r3 = 0.45 m, r4=0.75 m, d = 0.65 m, and 0z,0.= —73-
Fig. 3.38 shows the rotator, flexure and knee joint torque results for the defined Fr range.
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(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque
Figure 3.38: Actuator torque results for various Fr values for the spiral pushup.

Note, that the final pose of the three feet pushup and spiral method are the same (Figs.
3.30(f) and 3.2(f)). Thus, since the same parameters for the spiral pushup and Case 1 of
the three feet pushup were chosen the final joint torques will be the same. Also, as shown
in Fig. 3.38(a), Fr does not affect the rotator joint torque since the unit vector at the
rotator joint and the tangential force vector are in the same direction. The magnitude of
the flexure joint torque is less for a tangential force acting inwards towards the center of the
body than a tangential force acting outwards, as shown in Fig. 3.38(b). However, for the
knee joint torque, as shown in Fig. 3.34(c), the minimum torque will occur for a tangential
force between 0 and -2.84 N.



o7

3.4.4 Overall Conclusions of the Spiral Pushup

The spiral pushup is another standing up strategy considered for STriDER. It uses its three
legs to push the body upwards and simultaneously rotates the body by actuating the rotator
joints. The feet are first positioned to their desired final position defined by d and 0z,,4:-
d is the distance between the projected center of the body to the ground and the foot
position and 07,4, is the maximum allowable body rotation about the +7, axis. Since
the configuration for all three legs in the spiral standing up method is the same, only one
leg was analyzed. Similar to the other standing up methods, several important parameters
were changed and their effects on the actuator torques were investigated. These parameters
included, d, 07,maz, the thigh and shank link length ratio, «;, and the friction force at the
feet, Fr. The effects of all four parameters were studied given a total link length value, 7.,
(=r3+ry) of 1.2 m, Ly equal to 0.18m, and a body weight, W, of 28.42 N.

First, the effects of d, 0,maz, and o« on the actuator torques were studied individually when
Fp was set equal to zero. For a fix value of 0z,,4., @, Fr equal to zero, and varying d, it
was found that lower d values yield lower actuator torques. Then d and « were fixed and
0 zomax Was varied. For this analysis it was found that as 0z, increases the rotator joint
experience higher torques, but the flexure and knee joint experience lower torques. In fact,
when 07,4 equals zero the results are the same as the three feet pushup so, the three feet
pushup is a special case of the spiral pushup. An optimization analysis was also completed
by varying d and 0z,,,., together for a set value a and F equal to zero. The procedure for
the optimization was to determined the maximum cost for each d and 6z,,,,, combination
as the robot stands using the spiral pushup. Once the maximum points were gathered and
plotted the minimum maximum cost yields the optimal parameters. From this optimization,
it was found that the minimum maximum cost occurs when d equals 0.44 m and 0z,,a
s

equals —*. This approach is beneficial when a robot has already been designed and the

optimal operation parameters (i.e d and 0z,,,..) are desired.

Next, d, 0z maz, and Fp were fixed and o was varied. From this analysis, it was determined
that neither the rotator nor the flexure joints are affected by the link length ratios. However,
the knee joint torque does vary as a changes. From the given parameters (d = 0.65 m, 0z, max
= =%, and Fr =0), the alpha that yields the minimum maximum knee joint torque is equal
to 1.01. An optimization was also completed for various d and o combination when 0,4,
equals =%, and Fr equals zero. It was found that the minimum maximum cost occurs when
d equals 0.39 and « equals 0.61.

The last parameter that was analyzed was the tangential force at the feet, [’r. Recall that
the tangential force is defined by the friction coefficient and normal force at the feet. After
some analysis, it was determined that the rotator joint is not affect by Fpr. Also, the flexure
and knee joint torques experience higher torques for a tangential force acting outwards than
a tangential force acting inwards towards the center of the body. In fact, the maximum
actuator torques occurs when the maximum Fr acts outwards.
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3.5 Feet Slipping Pushup

The feet slipping pushup begins with the robot flat on the ground with all three legs extended
outwards, as shown in Fig. 3.39(a). Next, the legs begin to slip and lift the body upwards
until the feet reach a desired final position defined by d (Fig. 3.39(b) to 3.39(f)). Large joint
torque requirements are expected in order to implement this method. In fact, the flexure
joint actuators create the motion needed to slide the feet inwards and force the body up by
pushing the feet against the ground. During the feet slipping pushup, the robot is always
statically stable since the projected center of gravity lies inside the support triangle formed
by the three foot contact points. Note that as the feet move inwards, the symmetrical motion
always forms a equilateral triangle with the foot positions.

(a) Initial position (b) Begins to move upwards (¢) Continues to move upwards
(d) Continues to move upwards (e) Continues to move upwards  (f) Desired feet position reached

Figure 3.39: The motion of the feet slipping pushup.

The configuration for all three legs of the feet slipping pushup is the same thus, only one
leg will be analyzed since the other two will follow the same procedure. A kinematic and
static force analysis will be presented for the feet slipping pushup when F7r is equal to zero.
Although setting Fr equal to zero is not realistic, it will help study the effects of d and «
on the actuator torques. A range of d values and various link length ratios (o = 73) will
be investigated in the analysis. For this method, d is defined as the distance between the
projected center of the body on the ground to the final desired foot positions. Thus, the
minimum d value is the length of the body link, L;, and the maximum d value is the added
length of the thigh, shank and L;. The link length ratio, «, can range from zero (a = ry4) to
oo (o = r3). The effects of both d and « will be studied for the feet slipping pushup method.
Next, a tangential force equal to % will be added to the feet. Note, that the friction force
will always oppose the moving motion thus, it will always point outwards, as shown in Fig.
3.40.
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Figure 3.40: One leg free body diagram for feet slipping pushup.

3.5.1 Kinematic Analysis for the Feet Slipping Pushup

Because of the simplicity of the feet slipping pushup, the joint angles can be found using
geometry. As shown in Fig. 3.40, the joint angles 03 and 6, are equal since the thigh and
shank links are aligned during the entire motion of the feet slipping pushup. Thus, 6, can
easily be calculated from Equation 3.64, where h is the height of the body and ry,; is the
sum of the thigh and shank link lengths. The maximum height of the body is defined by a
desired final foot position, d, and r,,; and calculated using Equation 3.3. Note that da is the
changing distance between the projected center of the body on the ground and foot position
as the body stands and that it will equal d once the feet reach a desired final position.

0, =03 =71 — ArcSin ( h ) (3.64)

T'tot

3.5.2 Static Force Analysis for the Feet Slipping Pushup

The flexure and knee joint torques as the robot stands using the feet slipping pushup method
is presented in this section. As shown in Fig. 3.40 and calculated using Equation 3.65, da
changes as the body moves upwards and reaches its desired final foot position defined by d.
The flexure joint torque is calculated from Equation 3.66 where da changes for different h
values. The knee joint torque is calculated from Equations 3.67.

dA =/ Ttot2 — h2 + Lb (365)
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—W (da — Ly)

Moz = 2 — Frh (3.66)

M34 = _WT40083<_64 i 7T) - FTT4S’i7’L (—94 + 7T) (367)

3.5.3 Actuator Torque Results for Feet Slipping Pushup

This section will investigate the effects of d and a on the flexure and knee joint torques
when Fr equals zero. Note that Fr is set equal to zero to better understand the relationship

between d and « on the actuator torques. Then, the effects of Frr on the flexure and knee
joint torques will be studied.

Effects of d and Link Length Ratio on Actuator Torques

The effects of d and a on the flexure and knee joint torques are shown in Fig. 3.41. The
knee and flexure joint torques were calculated for various d and « values. From Fig. 3.41(a)
it can be concluded that in order to minimize the knee joint torque it is best if « is as large
as possible and d is as small as possible. Note that when d is as small as possible the legs
are aligned straight downwards so, the support triangle is very small and the stability of
the robot is jeopardized. Fig. 3.41(b) shows the flexure joint results for different d and «

combinations. It was found that the flexure joint torque is not affected by o and that smaller
d values yield lower torques at the flexure joint.

Knee Joint Torque Nm

(a) Knee joint torque (b) Flexure joint torque

Figure 3.41: Joint torques for different d and « values for the feet slipping pushup.
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Effects of the Tangential Force on Actuator Torques

The effects of Frr on the flexure and knee joint torques is shown in Fig. 3.42. For this analysis
the final desired d was set to 0.65 m and the link length ratio, «, was set to 0.6. As shown in
Figs. 3.42(a) and 3.42(b), the knee and joint torques both increase as the tangential force Frr
increases. Recall that in this case, the tangential force is constant and equal to % Thus,
in this case the friction coefficient, i, has a large effect on the actuator torques. Also, the
flexure joint torques are greater than the knee joint torques, as would be expected.
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Knee Joint Torque N m
Flexure Joint Torque N m

(a) Knee joint torque (b) Flexure joint torque

Figure 3.42: Joint torques for different Fr values (d= 0.6 m and o= 0.6) for the feet slipping
pushup.

3.5.4 Overall Conclusions of the Feet Slipping Pushup

The feet slipping pushup is the last standing up strategy presented in this thesis. It symmet-
rically uses its three legs to slide the feet along the ground and lift the body while keeping the
thigh and shank links aligned. A d value was defined as the distance between the projected
center of the body and the final desired foot positions. It was found that a larger link length
ratio, a, would minimize the knee joint torques and that a small d value would minimize
the flexure joint torques. Thus, for the feet slipping method it is best to have the largest
possible link length ratio and have the robot’s feet slide inwards closest to the center of the
body as possible. Note that the closer the feet are to the center of the body, the support
triangle becomes smaller and the robot becomes less stable.

It was also found that as the tangential force Fr increases the actuator torques also increase.
For this method since the feet are sliding, Fr, is equal to a constant %, defined by a
the friction coefficient and always opposes the direction of the motion. Thus, in this case
Fr always faces outwards. Although this is method seems like an acceptable solution for
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STriDER to stand, it is not practical. This method would work well in low friction surfaces,
such as ice, but not in rough surfaces.

3.6 Standing Up Experiments

Experiments were conducted to validate the standing up strategies. For each standing up
method, torque readings were recorded for various joints at twenty different heights for
seven trials. All torque values were recorded from static positions thus, the values were not
recorded continuously as the robot stood up. The same link lengths and testing parameters
were chosen for all of the experiments. These parameters included; a thigh link length, rs,
equal to 0.495 m, a shank link length, r4, equal to 0.56 m, and a d value of 0.67 m.

The actuators used on STriDER were Dynamixel RX-28 and RX-64 DC motors. These
motors allow the user to control position and speed and give load torque feedback with a
resolution of 1024 steps. However, the torque feedback fluctuates greatly due to various
variables thus, the readings are not very accurate. Ideally, external torque sensors should be
used at each joint to adequately record torque values. Although the results of the experiments
cannot be used to directly compare the analytical and experimental data, experiments were
conducted to determined actuator troque trends for each standing up strategy. Once all
motor joint trends were compiled, a conclusion was made to determined which of the five
strategies is the most efficient for the tested prototype.

3.6.1 Three Feet Pushup Experiments

Fig. 3.43 shows various positions as STriDER stands using the three feet pushup method.
As noted, the actuator torques were recorded from the motor feedbacks at twenty different
heights for seven trials. The average of the seven trials was used to determine the actuator
torque trends as the robot stands.

The results of the three feet pushup experiments are shown in Fig. 3.44. As shown in Fig.
3.44(a), the flexure joint torque followed a close trend for all seven trials. At first, the flexure
joint experiences a large change in torque and then slowly decreases. This validates why it
is difficult for the robot to stand from a height of zero.

The knee joint torque, shown in Fig. 3.44(b), however, does not follow such a close trend.
It is important to note that although the motor torque readings were not as consistent as
it would have been liked, they still can show an adequate trend. The maximum knee joint
torque occurs near the end as the robot stands. However, after comparing the flexure joint
and knee joint experimental results, the flexure joint experiences the largest torque. Also,
the changes in torque show the effects of the tangential force on the actuator torques.
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(a) Desired foot position (b) Begins to move upwards (¢) Continues to move upwards
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(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.43: Experiments of the three feet pushup.
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Figure 3.44: Three feet pushup joint torque experiment results (r3= 0.495 m, r4=0.56 m, d
= 0.67 m).

3.6.2 Two Feet Pushup Experiments

Various static positions of STriDER using the two feet pushup are shown in Fig. 3.45.
Note that for this method two legs push the body upwards while the middle leg remains
straight. Also, the foot positions do not change as the robot stands and they do not form
and equilateral triangle. Lastly, the robot is always statically stable as is stands up using
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this strategy.

(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.45: Experiments of the two feet pushup.

The results of the two feet pushup experiments are shown in Fig. 3.46 and 3.47. Similar, to
the analytical analysis, the experiments were divided in two parts: leg 1 and leg 2. Leg 1
is the leg that remains straight as the robot stands, and leg 2 bends and pushes the body
upwards as discussed in Section 3.2.
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Figure 3.46: Two feet pushup joint torque experiment results leg 1(rs= 0.495 m, r,=0.56 m,
d = 0.67 m).
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The flexure joint torque of the straight leg, shown in Fig. 3.46(a), experiences relatively
high torques as the robot stands. The flexure joint torque rapidly increases to a maximum
value and then decreases until the robot reaches its maximum height. The knee joint of leg
1, shown in Fig. 3.46(Db), first rapidly increases and then slowly decreases. Note that the
flexure joint torque has a larger magnitude at the majority of the heights than the knee joint
for leg 1.

exure Joint Torque Leg 2 (scaled)

Rotator Joint Torque Leg 2 (scaled)

(a) Rotator joint torque (b) Flexure joint torque (¢) Knee joint torque

Figure 3.47: Two feet pushup joint torque experiment results leg 2(rs= 0.495 m, r,=0.56 m,
d = 0.67 m).

The rotator joint torque of the bending leg is shown in Fig. 3.47(a). It was found that
as the robot stands, the rotator joint experiences much higher torques. Next, the flexure
joint torque was recorded and the results are shown in Fig. 3.47(b). As shown, the flexure
joint torque for leg 2 rapidly increases, then slowly decreases, reaches zero and then slowly
increases in magnitude again. The knee joint torque of leg 2 is shown in Fig. 3.47(c). In this
case, the torque decreases, reaches zero, increases and then final decreases until it reaches a
maximum height.

After analyzing the straight and bending leg experimental results, it was found that the
maximum torque occurs at the flexure joint of the straight leg, as expected from the analysis.

3.6.3 One Foot Pushup Experiments

Fig. 3.48 shows STriDER standing up using the one foot pushup method. As noted in
Section 3.3, for this strategy the middle leg’s foot is moved to its desired final foot position
defined by d while the other two legs do not bend. After some initial experiments is was
determined that the actuator torques were to large for the motors to handles and they were
braking. Thus, the knees of the straight leg were bent in order to complete the experiments
and reduce the actuator torques as the robot lifted using a modified one foot pushup.

The results of the one foot pushup experiments are shown in Figs. 3.49 and 3.50. Similar to
the two feet pushup experiments, the one foot pushup was also divided in two parts: bending
and straight leg experiments. First, the flexure joint torques were recorded at twenty different
heights for seven trials, as shown in Fig. 3.49(a). The flexure joint torque decreases until
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(a) Desired foot position (b) Begins to move upwards (¢) Continues to move upwards
R |
(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.48: Experiments of the one foot pushup.

it reaches zero, and then increases until it reaches a maximum torque. After the maximum
flexure joint torque for leg 1 is reached, the joint torque decreases in magnitude. Next,
the knee joint torques were recorded for leg 1, as shown in Fig. 3.49(b). The knee torque
increases in magnitude, then decreases, reaches zero and finally increases until the robot
reaches its maximum height.
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Figure 3.49: One foot pushup joint torque experiment results eg 1(r3= 0.495 m, 7,=0.56 m,
d = 0.67 m).
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The experiment results of the rotator joint for leg 2 are shown in Fig. 3.50(a). The rotator
joint torque increases until the maximum height is reached. Next, the flexure joint results
are presented in Fig. 3.50(b). As shown, the flexure joint torque increases and then remains
close to constant. Finally, the results of the knee joint torque experiments for leg 2 are shown
in Fig. 3.50(c). In this case, the knee joint torque increases, reaches a maximum, decreases
until it reaches zero and then increases until the maximum height it reached.

For the one foot pushup case, the maximum torque occurs at the rotator joint of leg 2.

aaaaa

(a) Rotator joint torque (b) Flexure joint torque (c) Knee joint torque

Figure 3.50: One foot pushup joint torque experiment results leg 2(rs= 0.495 m, r4=0.56 m,
d = 0.67 m).

3.6.4 Spiral Pushup Experiments

Several static positions of the spiral pushup are shown in Fig. 3.51. As previously discussed
in Section 3.4, all three legs act the same for this method. First the feet are placed in their
desired final positions, forming an equilateral triangle. Then, the body is lifted upwards by
pushing the feet against the ground and rotating about the +7; axis.

The results of the spiral pushup experiments are shown in Fig. 3.52. In addition to pa-
rameters listed above, a maximum body rotation of = was chosen for the spiral pushup
experiments. The rotator joint results, presented in Fig. 3.52(a), show that the rotator joint
experiences a large change in torque as the robot initially stands up but then decreases for the
remainder of the body lifting. Next, the flexure joint torque, shown in Fig. 3.52(b), shows
that the flexure joint torque varied some for the seven different trials. The trends shows
that at first the flexure joint torque slightly increases, slightly decreases until it reaches close
to zero, and then increases to a maximum torque value, and finally decreases. Finally, the
knee joint torques were recorded for the knee joint, as the robot stands using the spiral
pushup method, as shown in Fig. 3.52(c). These results show that the seven trials followed
a very similar trend. The torque begins to decrease until it reaches zero, then increases in
magnitude until the maximum torque is reached. Once the maximum torque is reached, the
torque decreases in magnitude and the maximum height is achieved. From the experiments,

it can be concluded that the maximum joint torque occurs at the knee joint torque.
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(a) Desired foot position (b) Begins to move upwards (¢) Continues to move upwards

(d) Continues to move upwards (e) Continues to move upwards (f) Maximum height reached

Figure 3.51: Experiments of the spiral pushup.
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Figure 3.52: Spiral pushup joint torque experiment results (r3= 0.495 m, r4=0.56 m, d =
0.67 m).

3.6.5 Feet Slipping Pushup Experiments

Fig. 3.53 shows six static positions for the feet slipping pushup strategy. Since torque
readings could not be recorded as the robot was standing, the results of the feet slipping
pushup experiments are not accurate. As mentioned in Section 3.5, the tangential force, Fr,
for the this method always opposes the direction of motion. However, in this case since the
torque values were recorded at static instances the values are not correct, but they will still
be used to compare with the other strategies.

The results of the feet slipping pushup experiments are shown in Fig. 3.54. The flexure joint
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Figure 3.53: Experiments of the feet slipping pushup.

torque trend, shown in Fig. 3.54(a), shows that as the robot stands the torque increases in
magnitude until it reaches a maximum value and then decreases until it reaches zero. Once
the torque reaches zero, it increases until the maximum height of the robot is reached. The
knee joint torque results are shown in Fig. 3.54(b). It was found that the knee joint torque
increases in magnitude, plateaus and then decreases. The maximum torque occurs at the
flexure joint, as expected from the analysis.
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3.6.6 Overall Conclusions of Standing Up Experiments

Standing up experiments were conducted to validated the analytical model and to determine
the most efficient strategy for a specific prototype of STriDER. Seven trials were preformed
for each method and static torque readings were recorded at twenty different heights. The
same parameters were chosen for each experiment and the following values were used; thigh
link length, r3, equal to 0.495 m, shank link length, r4, equal to 0.56 m, and d equal to 0.67
m. For each experiment, the maximum torque value was recorded and are listed in Table 3.4.
From the results, it may be concluded that for the tested prototype the three feet pushup is
the most efficient standing up strategy in terms of maximum joint torque requirements. On
the other hand, the spiral pushup is the least efficient.

Table 3.4: Standing up experimental results

Standing Up Strategy | |[Maximum Torque|
Three Feet Pushup 269
Two Feet Pushup 352
One Foot Pushup 384
Spiral Pushup 594
Feet Slipping Pushup 544

From the experiments it was found that it was most difficult for the robot to stand when the
body is flat on the floor. Thus, once the robot reached a certain height the maximum torque
values greatly decreased. Also, from the torque analysis it was expected that the three feet
pushup would be the most efficient strategy since all three legs distribute the forces and
torques evenly. Thus, the analytical and experimental results agreed. However, the actual
torque values cannot be directly compared due to the inaccuracy of the torque feedback of
the actuators and the varying tangential forces.

It is important to note that for all of the presented analysis a friction coefficient, i, of 0.3
was chosen. However, experiments were conducted on a surface that has a friction coefficient
close to 0.9. Thus, in this case, the boundary formed by the maximum tangential forces in
both the positive and negative direction is much larger than the one presented in the analysis.
Therefore, the experimental results will most likely fall within the allowable boundary defined
by the minimum and maximum tangential force. Also, the recorded torque trend for each
actuator is greatly affected by Frr. Thus, since Fr cannot be controlled it is difficult to truly
compare the analytical and experimental results because only position control was used and
not torque control.

Future work will implement force control on the actuators to directly compare the analytical
and experimental results and to optimize Fr to minimize torque. Also, a simple way to
compare the experiments and analytical model using position control is to eliminated the
friction forces by adding rollers at the feet. However, adding rollers at the feet is not practical
for real case scenarios when STriDER needs to walk using its tripedal gait.
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3.7 Overall Conclusions of Standing Up Strategies

Five standing standing up strategies unique to STriDER were investigated. These strategies
included a three feet pushup, two feet pushup, one foot pushup, spiral pushup, and feet
slipping pushup. Although STriDER is inherently stable with its tripod stance it is important
for the robot to be able to stand up if it falls while walking or external forces act on it. For
each strategy various parameters were studied and their effects on the actuator torques were
analyzed. The parameters included, d, the distance between the projected center of the body
on the ground and the foot positions, «, the thigh and shank link length ratio, and Fr, the
tangential force at the feet. As noted, the range of tangential contact force between the foot
and the ground is defined by the friction coefficient and the normal force due to gravity. As
long as the tangential contact forces at the feet are between the minimum and maximum
allowable values, and the force balance is satisfied then, the tangential forces can be adjusted
by force control of the actuators of the the robot. Also, for all of the standing up strategy
analysis a total allowable link length, ry, (= 73+ r4), was set to 1.2 m, Ly, (= Lo+ L1 + Ls)
was set to 0.18 m and total body weight, W, was equal to 28.42 N.

Several of the findings from human standing and human pushup analysis discussed in Section
1.2.5 were implemented in this work. For example, in [12] it was concluded that static loads
dominate joint forces and torques as a subject rises from a sit position; however, dynamics
becomes more important as the speed increases. Thus, for the study of STriDER’s standing
up strategies, dynamics was ignored and the analysis was solely statically based, assuming
the robot was not standing up at high speeds. Also in [15], the process of standing from a
chair was divided into several phases. Although STriDER’s standing up methods were not
specifically defined by different phases, common initial and final positions were defined. For
example, similar initial and final conditions were considered (i.e. all strategies begin with the
robot flat on the ground with the legs extended straight outwards and end when the robot
reaches a maximum allowable height). In [14], cost functions were evaluate to determined
optimal human standing up trajectories. For STriDER, cost functions were evaluated for
each standing up strategy to determined optimal design and operation parameters. Also, the
effects of hand positions on the torque of the elbow joint for human pushup was investigated
in [17]. They found that the peak forces at the human elbow joint decreased as the distance
between the hands increased. This idea directly related to studying the effects of d on the
actuator joints of STriDER.

For each strategy the effects of d and o were investigated individually with F7r equal to zero.
Then, the effect of Fr on the actuator torques was investigated for specified d and « values.
From the analysis it was found that the rotator and flexure joints are not affected by a. Also,
d had a large effect on the actuator torques. For most strategies, smaller d values yield lower
actuator torques. This conclusion does not agree with the research findings. This difference
could occur because in STriDER’s case all three legs are the same length. However, for
average males the arm length (shoulder to fingertip) is approximately 0.44 percent of the
total height and the lower body (hip to feet) is about 0.53 of the total height, as found in [20].
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Also, depending on the range of d and the range of «, the results sometimes did agree with
Donkers. For example in the two feet pushup analysis, it was found that for small d value
ranges and for small «, the knee joint (same as human elbow) peak torque did decrease as
d increased. Finally, for most standing up strategies it was concluded that tangential forces
acting inwards yield lower actuator torques than tangential forces acting outwards. Due to
the many variable effects on the actuator torques, it was found that it was best to evaluate
a cost function to determine optimal design and operation parameters.

Lastly, experiments were conducted to determined the most efficient standing up standing
up strategy for a specific prototype. Although the recorded torque values from the actuator
feedback were not as accurate as desired, torque trends were determined for each method.
In fact, actuator torques were recorded for twenty static positions and seven trials for all
five standing strategies. From the experiments, it was determined that the three feet pushup
yields the lowest maximum torque as STriDER stands thus, it is the most efficient.



Chapter 4

Considerations for Gait Planning
Strategies Based on Kinematics

Many factors and constraints contribute to the development of STriDER’s path planning
strategies and gait generation. To correctly generate a gait both kinematics and dynamics
must be considered. Although dynamics plays a major role in gait generation, the following
sections discuss possible considerations for gait planning strategies solely based on kinemat-
ics.

4.1 Stability

The robot’s static stability is important during a step, as the novel tripedal gait requires the
robot to become statically unstable forcing the robot to fall forward and swing its middle
leg in between the stance legs and catch the fall. However, when all three feet are touching
the ground, the robot must be statically stable by keeping the projected center of gravity
point in the support triangle, formed by the three foot positions. Thus, the location of the
projected center of gravity point plays an important role in the generation of a gait. A
detailed discussion of a quantitative static stability margin is discussed below.

4.1.1 Static Stability Criteria

A specific quantitative static stability margin (SSM) was developed to assess the stability
of STriDER. Stable, unstable and marginally stable cases are discussed in this section. The
stability margin was quantified based on the distance between the projected center of gravity
of the robot on the ground and the incenter of the the support triangle formed by the three
feet contact points. Table 4.1 summarizes the SSM range for stable, unstable and marginally
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Table 4.1: SSM range

Static Stability Condition SSM Range
Stable 1>85M >0
Marginally Stable SSM =0
Unstable —o0 > SSM <0

stable cases.

Stable Stability Margin

First, the CGp point, shown in Fig. 4.1, is the center of gravity point projected in the
negative Z; direction to the triangular plane formed by the robot’s three foot contact points
in 3D space. When the CGp lies inside the support triangle, the SSM is calculated for a
stable condition as shown in Equation (4.1),

SMM = Min [@, b %] (4.1)
ror’or
where dy, ds, and d3 is the distance from point C'Gp to each side of the support triangle
and r is the radius of the support triangle’s incircle, as shown in Fig. 4.1. The center of the
support triangle, labeled I in Fig. 4.1, was chosen as the center of the incircle of the support
triangle since it is the point that represents the maximum equal distance from each side of

the triangle.

CG projection line

Figure 4.1: Stable configuration with SM=0.555

The robot is most stable when the projected center of gravity point lies on point I, thus
the SSM is equal to 1. As the point C'Gp moves closer to the sides of the triangle the SSM
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decreases and once C'Gp lieso n any of the sides, the SM is equal to 0. Note that when
the projected center of gravity point, CGp, lies on any of the support triangle’s sides it is
marginally stable.

4.1.2 Unstable Stability Margin

If the point C'Gp lies outside the support triangle the robot is statically unstable, as shown
in Fig. 4.2. As the C'Gp point continues to move further outside the support triangle the
SSM increases in magnitude in the negative direction. In this case, the static stability margin
depends upon the region, defined by the lines connecting point I to the three foot positions,
Py, Py, and Pj, in which C'Gp lies, as shown in Fig. 4.3.

CG projection
| — line

Figure 4.2: Unstable configuration with a SM=-0.723.

Therefore the angles, 6cq, 02, and 63, are defined as that between lines I P, and ICGp and

TP, and TP, respectively as in Fig. 4.3. The static stability margin is then given as Equation
(12),

—d73 0< HCG < ‘92
SMM = —d71 92 < QCG < 93 (42)

- 93 < 90@ <27

where 1, di, ds, and d3 are defined as before.
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Figure 4.3: SSM definition when C'Gp lies outside the support triangle.
4.2 Dynamics

Dynamics plays a key role in producing the gait for walking robots. STriDER can be modeled
as a planar four-link inverted pendulum in the sagittal plane by treating the two stance legs
as a single link connected to the ground by a revolute joint, as shown in Fig. 4.4 [1]. In this
figure, the angle between the link representing the stance legs and the ground is called the
tilting angle.

Figure 4.4: Inverted four link pendulum [6].

Since there is no active actuator between the foot and the ground, STriDER is inherently an
under-actuated mechanical system. Assuming no slipping on the ground, the tilting angle
during a gait is affected by the coupled dynamics of the other links in the system. The
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rotation of the body or any of the other actuated links will drive the unactuated links.
In [8], self-excited control is utilized to enable a three-link planar robot to walk naturally
on level ground. Utilizing this concept of self-excitation, STriDER’s passive dynamic gait
was produced in [1,3]. [10] proved the existence of limit-cycle motion of multi-link planar
robots by using differential flatness and dynamic-based optimization. This methodology will
be utilized in generating the gait for STriDER in future research where all of the joints of
the robot are actively controlled to control the unactuated tilting angle of the robot. In this
thesis, all joint angles of STriDER are calculated based on kinematics only to illustrate the
concept of a single-step gait and to emphasize the importance of the kinematic constraints
for the system.

4.3 Height of the body

The height of the body must also be considered when taking a step which is defined as the
distance from the center of the body (point B in Fig. 2.1) to the ground in the negative Z,
direction. The body’s maximum height depends on the geometry of the support triangle.
Thus, the height of the body when all links of the stance legs are aligned from the center
of the body to the stance leg foot position is the maximum height during that step with
that specific support triangle’s geometry. However, the maximum possible height for any
geometry is the total length of the thigh and shank link. The minimum height must allow
the swing leg to swing underneath the body as the body rotates 180 degrees without scuffing
the ground. The height of the body also affects the speed of the fall. The higher the body
the slower the fall of the robot and the lower the body position the faster the fall of the
robot.

4.4 Body twisting motion during a step

During a step, two pivot lines must be considered; one is the pivot line formed by aligning
the stance legs hip abductor joints that allows the body to rotate 180 degrees called the body
pivot line, while the other is the pivot line formed by the two stance leg’s foot contact point
that allows the entire robot to pivot called the stance leg pivot line. When the body pivot line
and stance leg pivot line are parallel while the robot takes a step, the kinematic analysis is
greatly simplified and collision between the swing leg and stance legs is prevented. However,
for uneven terrains it might be beneficial for the pivot lines to be skewed, as it may aid the
swing leg in avoiding obstacles.

STriDER has to align two of its rotator joints to prepare for each step. A top view of the
support triangle formed by the foot contact points, P;, P,, and Pj is shown in Fig. 4.5. P,Ps
is the stance leg pivot line and P; is the initial location of the swing leg foot contact point.
Line f is formed by points P, and P, and line e is formed by points P, and P;. Region I
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Figure 4.5: Top view of the support triangle.

is the boundary created between line f, line e and P,P;. For the case presented here, it is
assumed that initially, the body pivot line is parallel to the stance leg pivot line and point
Py5 is the final swing leg foot contact position which must lie in Region I. Since P, and
Py5 form a straight line going through Region I, the body has to twist its facing angle and
make its projected pivot line perpendicular to P;Pj,. The twisting motion of the body is
controlled with the stance legs and during the twisting the plane of the body is parallel with
the ground. The twisting angle O7y, as shown in Fig. 4.5, is defined as the rotation of the
body pivot line about its midpoint in +Zp directions, where Zp is the z-axis of the body
coordinate system shown in Fig. 2.1. Oy can be determined from the coordinates of P,
P, Py and Py, and satisfies the following constraints:

—0c < Oy < 0p (4.3)
0a=0p+0c (4.4)

Op = ArcTan <Zg—g> (4.5)
Oc = ArcTan <Zzg> (4.6)

Note that #5 and 0, are two extreme cases when the final foot position P, lies on line e or
[

The twisting angle of the body is an important factor for the turning strategy of STriDER
on various terrains. A large turning angle per step can increase the mobility of STriDER in
complicated environments [25].
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4.5 Swing leg’s clearance and landing position

The swing leg’s foot path is also an important variable to consider as the robot takes a
step. The swing leg’s foot should not scuff the ground during the swing portion of the gait
thus, the knee must be bent at certain angles to prevent the foot from touching the ground.
Also, when considering a single step an allowable region for the subsequent swings leg’s foot
contact position must be constrained, as mentioned in Section 4.4.

4.6 Foundations for a single step gait generation

This section lays out the foundation and guidelines for future work on a single step gait
generation based on both kinematics and dynamics. Several of the constraints addressed
in Sections 4 should be considered when taking a single step. The objective is to achieve
a single step from an initial swing leg foot position, P, to a desired final swing leg foot
position Pjs (within Region I), on an even ground, as shown in Fig. 4.5.

CG 1y

I

\

body pivot line Y

swing foot o
trajectory CG projection

line
¥

int

projected
body pivot line

Figure 4.6: Gait simulation labels

In Fig. 4.6, the center of gravity can be assumed to be located in the midpoint of the body
pivot line formed by global positions of the hip abductor joints Ji5 and Jy3. The swing foot
projected path line, P, P, is formulated from an initial swing leg foot position, P;, to a final
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foot position, Py. The stance leg pivot line, Py Ps, is defined as the line connecting the stance
leg’s foot contact points, P, and Ps. P, is the intersection point of lines P, Pjs and P, Ps.
First, the robot may begin its gait at marginally stable state, where the projected center
of gravity point lies on the stance leg pivot line, P,Ps, as shown in Fig. 4.6 and discussed
in Section 4.1.1. The robot must then shift so the projected center of gravity point, CGp,
coincides with P;,;, the intersection of lines P; P and P, P;. Then, as mentioned in Section
4.4, the body must twist so the projected body pivot line is perpendicular to P, Py,. The
robot is now in position to fall forward and reach its desired final foot location. The rotation
of the body or any other actuated links will force the robot to fall forward to initiate the
swing portion of the step. Also, the body should be set at a height below the maximum
height but high enough so the swing leg would have adequate room to swing in between the
stance legs.




Chapter 5

Conclusions and Recommendations

5.1 Conclusions

This thesis presented investigations of standing up strategies and consideration for gait
planning based on kinematics for a novel three-legged walking robot called STriDER, (Self-
excited Tripedal Dynamic Experimental Robot). Although the robot is inherently stable
with its tripod stance, it can still fall down if it trips while walking or if unexpected external
forces act on the robot. Thus, five different standing up strategies were investigated. The
unique structure of STriDER makes standing up challenging for a number of reasons; the
relatively high height of the robot and long length of the limbs require high torque at the
actuators due to its large moment arms and the number of limbs (three) does not allow
extra support and stability in the process of standing up, to name a few. The five standing
up methods investigated included; a three feet pushup, two feet pushup, one foot pushup,
spiral pushup, and feet slipping pushup. The primary goal of each study was to minimize
the torque at the joints by changing three main parameters. These parameters included;
a value of d which describes the foot placement position, defined by the distance between
the projected center of the body on the ground to the desired final foot position, the thigh
and shank link length ratio, «,, and a tangential force at the feet, Fr, which occurs due to
friction, defined by the normal force and friction coefficient.

Also, several factors for gait planning were discussed as the robot takes a step including;
stability, dynamics, the body’s maximum and minimum allowable heights, the swing leg’s
foot clearance to the ground, and the range of the subsequent swing foot contact positions.

5.1.1 Conclusions for Standing Up Strategies

Overall conclusions for each standing up strategy are presented below.

81
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Three Feet Pushup

First, the three feet pushup was analyzed. This strategy begins with all three legs extended
straight outwards. Then, the feet of the robot are placed at a desired foot position, defined
by d and once the feet reach their desired position, the body is lifted by pushing the feet
against the ground. It was found that for a given link length ratio, «, an optimal d value,
dope can be calculated using Equation 3.12. Also, for a given d value, the largest o will yield
a minimum maximum knee joint torque. It was also found that the flexure joint torque is not
affected by different link length ratios and a minimum d value will yield the lowest flexure
joint torque. Finally, the tangential forces, Frr, analysis showed that a tangential force acting
inwards towards the center of the body will yield lower actuator torques than a tangential
force acting outwards.

Two Feet Pushup

Next, the two feet pushup was analyzed. This method uses two of its legs to stand the robot
while the third leg reminds straight. First, two of the feet of the robot are placed to a desired
final foot position and the body is then lifted upwards by pushing against the ground. Since
two of the legs act the same and the third remains straight, the analysis of the two feet
pushup was divided in two parts: straight leg and bending leg. From a cost function it was
determined that for a given link length ratio, o, a minimum allowable d would minimize
the actuator torques. Also, for a given d value, a maximum « would minimize the actuator
torques. The tangential force, Fr, analysis showed that for the rotator joint torque of the
bending leg a tangential force acting outwards minimizes the torque; however, once the thigh
link is parallel to the tangential force vector at the feet then, any tangential force will yield
the same torque. Once that position has passed, a tangential force acting inwards towards
the body will minimize the rotator joint torque for the bending leg. Lastly, the flexure and
knee joint torques for both the straight and bending leg are minimized when the tangential
force at the feet acts inwards toward the center of the body.

One Foot Pushup

The one foot pushup was the third standing up strategy method considered for STriDER.
It uses one leg to push the body upwards as the other two legs follow the direction of the
body while keeping the feet at their initial feet positions. First, one leg positions its foot to
a desired final foot position defined by d. Then, the bending leg lifts the body and the other
two legs follow the body trajectory. Since the straight legs act the same, the analysis of the
one foot pushup was divided in two parts: bending leg and straight leg. It was determined
that for a given d value the minimum cost occurs when « is largest and for a given «, the
minimum cost occurs at lower d values. From the tangential force analysis, it was found that
the flexure and knee joint torques of both the bending and straight legs are minimized for
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a maximum tangential force acting inwards towards the center of the body and maximized
for a maximum tangential force acting outwards. However, the rotator joint torque of the
straight leg acts in the opposite manner.

Spiral Pushup

The spiral pushup was another standing up strategy considered for STriDER. It uses its
three legs to push the body upwards and simultaneously rotates the body by actuating the
rotator joints. The feet are first positioned to their desired final position defined by d and
0 zomaz, Where 0z 4, is the maximum allowable body rotation about the +Z7; axis. For a
fixed value of 07,4z, @, Fr equal to zero, and varying d, it was found that lower d values
yield lower actuator torques. When d and o were fixed and 0,4, Was increased the rotator
joint experienced higher torques, but the flexure and knee joint experienced lower torques.
An optimization analysis was also completed by varying d and 6z,,,.. together for a set value
a and Fr equal to zero. The procedure for the optimization was to determined the maximum
cost for each d and 0y,,,,, combination as the robot stands using the spiral pushup. This
approach is beneficial when a robot has already been designed and the optimal operation
parameters (i.e d and 6z,,,4,) are desired. The rotator nor the flexure joints are affected by
the link length ratios; however, the knee joint torque does vary as a changes. An optimization
was also completed for various d and a combination for a given 6,4, value and Fr equal to
zero. After some analysis, it was determined that the rotator joint is not affect by Frpr. Also,
the flexure and knee joint torques experienced higher torques for a tangential force acting
outwards than a tangential force acting inwards towards the center of the body.

Feet Slipping Pushup

The feet slipping pushup was the last standing up strategy presented in this thesis. It
symmetrically uses its three legs to slide along the ground and lift the body while keeping
the thigh and shank links aligned. For the feet slipping method it is best to have the largest
possible link length ratio and have the robot’s feet slide inwards closest to the center of the
body as possible. Although this is method seems like an acceptable solution for STriDER to
stand, it is not practical. This method would work well in frictionless surfaces, such as ice,
but not in rough surfaces.

Experiments

Standing up experiments were also conducted to determine the most efficient strategy for a
specific prototype of STriDER. Seven trials were preformed for each method and static torque
readings were recorded at twenty different heights. To adequately compare the experimental
results, the same parameters were chosen for each standing up strategy. For each experiment,
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the maximum torque value was recorded and from the results, it may be concluded that for
the tested prototype the three feet pushup was the most efficient standing up strategy. On
the other hand, the spiral pushup was the least efficient. This conclusion also agrees with
the analytical results of the standing up strategies. However, in order to truly validated
the analytical results with experiments force control should be implemented since in real
scenarios the tangential forces cannot be controlled. Also by adding rollers at the feet the
analytical results for no friction cases can be compared with the experimental results.

5.1.2 Conclusions for Gait Planning Considerations

Five major considerations for gait planning were investigated including; stability, dynamics,
height of the body, body twisting motion, and swing leg clearance and landing position. As
discussed, the robot’s static stability is important during a step, as the novel tripedal gait
requires the robot to become statically unstable forcing the robot to fall forward and swing
its middle leg in between the stance legs and catch the fall. Thus, a quantitative static
stability margin was developed to asses the stability of the robot. STriDER can be modeled
as a planar four-link inverted pendulum in the sagittal plane by treating the two stance legs
as a single link connected to the ground by a revolute joint. In fact, STriDER is inherently
an under-actuated mechanical system. The minimum height must allow the swing leg to
swing underneath the body as the body rotates 180 degrees without scuffing the ground.
The height of the body also affects the speed of the fall. During a step, two pivot lines must
be considered; one is the pivot line formed by aligning the stance legs hip abductor joints
that allows the body to rotate 180 degrees called the body pivot line, while the other is the
pivot line formed by the two stance leg’s foot contact point that allows the entire robot to
pivot called the stance leg pivot line. When the body pivot line and stance leg pivot line are
parallel while the robot takes a step, the kinematic analysis is greatly simplified and collision
between the swing leg and stance legs is prevented. However, for uneven terrains it might be
beneficial for the pivot lines to be skewed, as it may aid the swing leg in avoiding obstacles.
Finally, the swing leg’s foot path was also considered as the robot takes a step. The swing
leg’s foot should not scuff the ground during the swing portion of the gait thus, the knee
must be bent at certain angles to prevent the foot from touching the ground. Also, when
considering a single step an allowable region for the subsequent swings leg’s foot contact
position must be constrained.

5.2 Overall Recommendations

After analyzing five different standing up strategies, completing experiments and investigat-
ing issues for gait planning specific to STriDER, a number of recommendations can be made.
From the standing up strategy analysis and experimental results it can be concluded that
the most efficient standing up method is the three feet pushup. Thus, when standing on
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a flat surface it is recommended to use the three feet pushup while keeping the three feet
positions as close as possible to the center of the body in order to minimize joint torques.
Note that the length ratio between the thigh and the shank really should be decided based
on walking performance rather than for standing up. However, the results from this analysis
will give insight into the effect of limb length ratio to the motor torque requirements which
will still be useful in the design process. If standing up on an incline, however, it is possible
that it could be more beneficial to use the two feet pushup. Future work should investigate
the effects of different surfaces and terrain geometry when standing up. In fact, strategies
that take advantage of dynamics of the robot could be investigated. One of these strategies
might include a whipping motion where one leg swings above the body and in return forces
the body and the other two legs to rise due to the inertia of this motion. Thus, as the body
begins to rise the stance legs push against the ground and the middle whipping leg catches
the fall. Also, in order to adequately test the standing up methods, different link lengths and
other parameters should be tested during experiments. In the design process, if possible, the
range of motion at the joints should be maximized to enable the foot placement positions
closer to the center of the body to minimize the motor torque requirements when standing
up, and motors with large torque should be used to sustain the required high torques at
each joint. In addition, by decreasing the weight of the robot, the task of standing up could
be made easier. Also, to accurately record the actuator torques as the robot stands during
experiments, torque sensors should be used instead of the inaccurate method of using the
motor current information to estimate the torque.

In regards to gait planning, a number of additional considerations could be investigated.
More specifically, dynamics should be considered in future work since to correctly generate
a gate both kinematics and dynamics must be considered. The strategies and effects on
stability for flat terrains, uneven terrain and changes in elevation should be studied. Motion
planning for uneven terrains should also be considered in future research. First, gaits for
walking and changing directions can be developed by knowing the geometry of uneven sur-
faces in advance. Then, maps for unknown terrains can be formed by sequentially compiling
foot positions for each step. Ultimately, the goal is to establish gaits for unknown surface
geometries using reactive approaches.
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