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ABSTRACT

Design and Control of Constrained Robotic Mechanisms
for Enhanced Dexterity and Mobility

By

Mark Andrew Minor

With continued developments in the field of robotics, there has been considerable
research on manipulation, mobility, and control. Research in these areas has led to the
development of sophisticated mechanisms and systems with enhanced capabilities. While
innovations in actuator and sensor technology has significantly contributed towards
meeting new challenges, the design problems have become increasingly complex due to
greater number of constraints imposed by limitations in space, weight, power, and
computational capability. Innovative design and control is often the key to successful
implementation of these systems and the subject of this dissertation. Presented herein is
the design of three separate systems, each with its own unique challenges in dexterity,
mobility, and control. Specifically, we present the design of a dexterous mechanism for
minimally invasive surgery, a miniature climbing robot for reconnaissance operation, and

the control of a spherical robot which offers to provide maximum mobility and stability.

A surgical instrument was designed for minimally invasive surgery with optimized load
capacity and dexterity. The instrument fits through a standard 10 mm port and is
optimized for bi-directional 180° articulation and unlimited rotation of a pair of forceps at
the tip of the instrument. The state-of-the-art in surgical instrumentation does not have
similar capabilities. A miniature climbing-robot for inspection and reconnaissance in
urban environments is also developed. Similar to the surgical instrument design, which is
constrained by space limitations, the climbing-robot design is constrained by weight, size,
and power usage. A biped kinematic structure was chosen for the climbing-robot for its

inherent advantages. This kinematic structure allows the robot to traverse horizontal and



vertical surfaces, and transition between surfaces of different inclination. Similar to the
climbing-robot, the spherical robot is intended for reconnaissance missions, but its
control problem is more challenging due to the presence of nonholonomic constraints. A
unique coordinate system is defined on the sphere for the purpose of control — this results
in simple linear and curvilinear motion on the plane for independent control action.
These motions are exploited to design trajectories between initial and final configurations
of the sphere described by the two Cartesian coordinates of its point of contact and three
orientation coordinates. The solution of these trajectories are straightforward and require
minimal computation. Among the three problems considered, experimental work was
done with the climbing-robot. The robot was designed, built, and tested under computer

control.
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1. Introduction

1.1 ANew Era

During the twentieth century, an era of robotics was born from dreams and necessity. In
their earliest conception, robots were imagined as humanoid devices that would serve
people and relieve them of laborious activities (Asimov 1940; Capek 1923). Despite this
creative view of robotics, the technology to implement them did not yet exist. It was
necessity that actually spurred the innovation leading to the first robotics system.
Designed to manipulate radioactive materials at Argonne National Laboratories during
World War II (Goertz and Thompson 1954), this first master-slave system integrated
mechanisms with parallel kinematics, DC motors, and analog controllers to create
position control and force reflection. This project helped motivate numerous researchers

to pursue dreams of robotic systems with improved dexterity, control, and repeatability.

1.2 Objectives

Expected productivity gains and improved work environments are primary motivations
for implementing robots in manufacturing. Robots have been able to achieve these
improvements because they are designed to perform a range of repetitive actions with
greater precision, repeatability, and speed than humans. These capabilities are the result
of several decades of research on manipulation, mobility, and control of robotic systems.
Further expansion of robotics is likewise dependent on continued research in these areas.
Since all robots are constrained by available space, weight, power, and computational
resources, achieving an optimal balance of these constraints and desired performance is a
significant challenge. This is especially true when new applications are becoming

increasingly constrained.



In this dissertation, the objective is to achieve new and innovative solutions in design and
control for state-of-the-art robotic applications where constraints on space, weight,
power, and computational ability are both substantial and critical. This is achieved
through the design and control of constrained robotic mechanisms for enhanced dexterity
and superior mobility. Several cutting-edge applications of robotics are especially

selected to emphasize these issues.

To best address dexterity in a constrained environment, a dexterous instrument for
Minimally Invasive Surgery (MIS) is designed to provide dexterity, reachability, and load
capacity not yet achieved by other instruments. Space constraints are again addressed in
conjunction with mobility in the design of a miniature climbing-robot for urban
environments. The resulting robot is the smallest of its kind to date and provides very
formidable design constraints on space, weight, and power usage. Mobility is further
examined from a controls approach in the design of a spherical reconnaissance robot.
Unlike the climbing robot, which possesses relatively straightforward kinematics, the
spherical robot has non-linear nonholonomic rolling constraints, which prohibit the
application of traditional control techniques. Unlike existing techniques in the literature
that are not computationally effective, a very efficient approach is devised for planning
the motion of the spherical robot by exploiting fundamental motions created by a unique
coordinate system defined on the surface of the sphere. A summary of the document

structure follows.

1.3 Document Structure

The structure of the dissertation is now presented. Design and control of constrained
robotic mechanisms for enhanced dexterity and mobility is addressed via several state-of-

the-art applications of robotics. To best address dexterity and reachability in a



constrained environment, a dexterous instrument for Minimally Invasive Surgery (MIS)
is designed in Chapter 2. Space constraints are again addressed in conjunction with
enhanced mobility in the design of a miniature climbing-robot for urban environments in
Chapter 3. Mobility is further address from a controls approach in the desigﬁ of a control
strategy for a spherical reconnaissance robot with extremely non-linear nonholonomic

rolling constraints in Chapter 4.

In each of the aforementioned chapters, a motivational statement and review of
specifically relevant literature is presented for each of these systems. The design process,
associated analysis, optimization, and proof of concept are also presented. At the end of
each chapter, a brief statement about the accomplishments in dexterity and mobility is
made. Final concluding remarks summarizing these accomplishments are presented in
Chapter 5. Appendix A contains design drawings for the surgical mechanism, Appendix
B contains design drawings for the climbing robot, and Appendix C contains details of

the load analysis conducted on the climbing robot in Chapter 3.



2. A Surgical Mechanism with Enhanced
Dexterity and Reachability

2.1 Motivation

Since the late 1980s, minimally invasive surgery has gained widespread acceptance
because of the significant advantages realized by the patient in the form of reduced
trauma, recovery time, and procedural costs. Despite growing demand, however, fewer
new Minimally Invasive Surgical (MIS) procedures are being developed. This can be
attributed to the fact that the skill required to perform advanced procedures is beyond the
ability of most surgeons, given the current level of technology available. Dexterous

instruments can help reverse this trend.

Current state-of-the-art instruments in MIS provide single joint articulation of the tip up
to 90 degrees (Ethicon Endo Surgeries 1998; Pivotal Medical Innovations 1996). Despite
tip articulation, they are incapable of placing sutures with arbitrary orientation at surgical
sites. We propose to alleviate dexterity and reachability inadequacies of current MIS
instruments through the development of the Dexterous Articulated Linkage for Surgical

Applications (DALSA).

The DALSA mechanism is a geared serial link mechanism that can be coupled to form
either a manual or robotic instrument. Design of DALSA highlights the impact of space
and operational constraints on robotic systems that must achieve a desired workspace,
load capacity, and dexterity. DALSA can be appreciated in light of the following

stringent constraints imposed by MIS:



1. Instrument Size: A port on the patient body, which typically varies between 2 and
15mm diameter (Rosen and Carlton 1997; Schurr, Melzer, et al. 1993; Yuan, Lee, et al.
1997), determines the size of the mechanism. Smaller ports reduce scarring, but larger
ports allow instrument designs with greater load capacity and dexterity. The common

10mm port was selected for DALSA design.

2. Articulation and Tip Rotation: Difficult tasks in MIS, such as suturing, require that the
tip of the instrument approach tissue at arbitrary orientation and perform surgical tasks.
Given the four DOF inherent to a port, dexterity necessitates that two additional DOF are
provided. In DALSA, these two DOF are provided via 180° bi-directional tip articulation
and unlimited rotation about the articulated longitudinal axis. Articulation is divided

among several links, to provide encircling capability and improved reachability.

3. Load Capacity. The desired load capacity of the instrument is dictated by the intended
surgical procedures. For suturing, the instrument will drive a suture through tissue,
displace the tissue for alignment purposes, and pull the suture material for knot tying. The
pull-out strength of a suture in tissue varies between 2N and 15N (Bunt and Moore 1993;
Trowbridge, Lawford, et al. 1989). The driving force of a needle through soft tissue is
much less, on the order of 3N (Seki 1988). A driving force of SN at the tip of a lcm

needle was targeted for DALSA design.

4. Durability and Reliability. The necessity for reliable instruments during surgery is

obvious.

This chapter is organized as follows. In section 2.2, we examine state-of-the-art surgical
instrumentation. In section 2.3, we present and optimize the articulation component of

DALSA. In section 2.4, we integrate tip rotation and actuation with the articulated



linkage to complete DALSA design. In the same section we evaluate its performance and
optimize its structure. In section 2.5 we address manufacturability and cost
considerations. Final observations about the design of dexterous robotic mechanisms are

provided in section 2.6.

2.2 Related Research

MIS instruments are comprised of a slender rigid tube and an end-effector. The
instruments are inserted through a port in the human body that constrains the motion of
the end-effector by allowing it to move with four DOF. These DOF are insertion depth
and the three axis of rotation about the insertion point. Numerous approaches have been
adopted to provide greater freedom of movement to the end-effector. The simplest of
these consist of a single revolute joint supporting the end-effector. Such mechanisms are
typically actuated by push-pull rods and, or, four bar linkages (Faraz and Payandeh 1997;
Hassler, Murray, et al. 1994; Jaeger 1987, Wales, Paraschac, et al. 1997; Zvenyatsky,
Aranyi, et al. 1995). A mechanism using bevel gears for articulation has also been
developed (Knoepfler 1993). Including the four DOF inherent to a port, these
mechanism allow the end-effector to have five DOF, which is inadequate for full

dexterity.

Other approaches to articulation use a serial chain of links with revolute joints.
Distributing articulation among several joints decreases sharp bends in the instrument and
is less harmful to cables or wires routed throughout the mechanism. One such device
(Huitema 1998) uses a flexible neck formed by five vertebrae and integral actuator bands
for steering. This device only provides one articulation DOF and is inadequate for full
dexterity. Other serial link devices with similar limitations use lead screws (Faraz and

Payandeh 1997) or five bar linkages (Guo, Qian, et al. 1992; Zhang, Guo, et al. 1992). A



steerable channel (Schurr, Melzer, et al. 1993), actuated by opposing tendons routed
along the channel, provides articulation in two directions as well as rotation of the end-
effector. Though the instrument provides the necessary DOF for complete dexterity, it
lacks sufficient rigidity. In an improved design, a chain of five four bar linkages was
used to develop a trunk mechanism with a central passage for end effector operation
(Mueglitz, Kunad, et al. 1993; Schurr, Melzer, et al. 1993). The trunk provides excellent
dexterity via 180° articulation and unlimited tip rotation for full dexterity. However, it
suffers from two drawbacks: the long chain of links creates large actuation forces
reducing controllability, and the Super Elastic Alloy (SEA) tube used for driving tip
rotation is unreliable when subjected to large cyclic strains in articulated configurations
(Plietsch 1997). A device using four serial links, AMMIS, implements planetary gearing
with unity ratio to drive successive links for +180° articulation distributed equally
amongst the links (Mukherjee, Minor, et al. 1998). Starting with the AMMIS structure,
DALSA adds additional DOF for full dexterity and optimizes the mechanical structure. It
provides the same dexterity as the trunk mechanism but has improved rigidity and
reduced force magnification. The gearing in DALSA introduces backlash which must

restricted during manufacturing.

Among other instruments, tendon actuated Stuart-platforms are used for end-effector
dexterity (Cohn, Crawford, et al. 1995; Schenker, Das, et al. 1995). The first of these
lacks repeatability and provides less than 90° articulation, which makes it unsuitable for
dexterous tip placement. The second device is larger (¢25mm) and uses a serial chain of
tendon actuated links supporting a wrist. This device provides high accuracy and
minimal backlash, but its large size prohibits MIS applications. A number of dexterous
mechanisms can be found in industrial applications, but it is doubtful if they can be
effectively miniaturized for MIS (Lande and David 1981; Milenkovic 1987; Rosheim
1987, Stanisic and Duta 1990; Susnjara and Fleck 1982).



2.3 Design of an Articulated Mechanism

2.3.1 Kinematic Structure

In this section, we discuss the articulation of DALSA, which is provided by the
Articulated Manipulator for Minimally Invasive Surgery (AMMIS) (Mukherjee, Minor,
et al. 1998). AMMIS is a serial concatenation of geared linkages where every link,
except the last, is both a driven-link and a driving-link. The last link is only a driven-
link. This idea is used to transfer power from a single actuator to simultaneously
articulate each link. The idea is realized by the four-link AMMIS in Figure 1, where the

driving gear is located at the base; Link-0.

Describing AMMIS in terms of planetary gearing terminology, it suffices to say that each
link in AMMIS functions as a carrier arm and as a sun. Link-1 is a carrier for planetary

Gears 4 and 5, and its motion driven by Gear-1 produces rotation of the planets since
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Figure 1 - AMMIS Kinematic Structure



Gear 3, acting as a sun, is stationary. The successive link, Link-2, is then driven by the
rotation of planet Gear 5 and sun Gear-7 integral to Link-1. Each successive set of link
and gears functions similarly. Unity gear ratio between planets and suns, and even
number of planets, produces identical relative motion between each link. A net rotation

of 4B of the fourth link occurs for B rotation of Gear-1.

2.3.2 Input-Output Force Relationship

2.3.2.1 AMMIS with arbitrary articulation and load orientation

We study the input-output force relationship to determine the magnitude of the forces
required to drive AMMIS. If these forces are large, they will lead to failure of the
miniature components. In addition, actuation of the mechanism will not be

ergonomically suitable

Consider the free-body diagrams of the last three links of an n-link AMMIS for an
articulation angle 8. Let F denote the tip force exerted by AMMIS acting at an arbitrary
angle y. For i=1,2,..n, let P;, acting at an angle of ¢;, denote the pin force at the point of
articulation and f; denote the driving force of the i-th link. Ignore gear pressure angles
and assume common gear pitch radii, ». The static equilibrium conditions for the last

three links are,

P, cosa, - Fcosy—f,sin =0
P sina, - Fsiny— f,cos f=0 (2.1)
f,r—=FLsiny =0

Pn—l Cos an-l - I)n COS(ﬂ + an )_ fn—l Sin ﬂ = 0
Pn—l Sin an—l - IJn Sin(ﬂ + an )— fn—l COSﬂ = 0 (22)
6P rsin(f+a,)-4f,r—f,,r=0



Pn-2 Ccos an—Z - })n—l COS(ﬂ + an—l ) - fn-2 Siﬂ ﬂ - fn Sin ﬂ = 0
P _,sina, ,-P_sin(f+a,,)- f,.,cos - f,cos f=0 (2.3)
6P, rsin(B+a, ) f,r(6cos B+1)-4f, ;r—f,,r=0

Equations (2.1) and (2.2) are used to solve for f,, &, P,, and then f, _,, @, ,, P_,.

Subsequently Eq. (2.3) can be used recursively to solve for the unknown forces of the k-

th link, k=n-2, n-3, ..., 2, 1, in the following manner:

fio =—4fi, 6P, Sin(ﬂ +ak+l)_ Sz (6005,3 +1)

ficos B+P,,, Sin(ﬂ +a,. )‘ frsac0s B (2.4)
fisinB+P,, cos(ﬂ +0, )" fisasin B

P =+ f2+ P2 + f2, +2£. P, sin2B + &, )~ 2f, frrs €08 28 2P, f,., sin @,

a, = tan"[

Force magnification in AMMIS is denoted by M = (f,/F). Numerical simulations were

used to compute M for different values of B ¥ n, and L/r ratio. The following

observations were made:

1. M is maximum at =0 and y=290°,
2. The maximum force magnification, M,,,, varies nonlinearly with n;
3. M,y is independent of r, but linearly proportional to L/r.

The first and third observations are intuitive, but the second is not. To quantify the
nonlinear relationship between M,,,, and n, we construct Table 1. From the data therein,
we deduce Mpu=3n’+2n when L/r=5 and My.=3n’+3n when L/r=6. The nonlinear
relationship can be attributed to the fact that M,,,, increases as the number of articulated
segments increase, even when the total length of AMMIS is constant. This is

investigated in the next section.

Table 1. Mmax for different values of n and L/r using long links (=0, Y=90 degrees)
n=2 | n=3 | n=4 =5 | n=6
L/r=5 16 33 56 85 120
L/r=6 18 36 60 90 | 126
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2.3.2.2 AMMIS with fixed length

To change the number of links of AMMIS without changing its total length, we introduce
the "short link", shown in Figure 2 adjacent to a normal link. The short link eliminates the
intermediate gears, maintains the direction of articulation, and reduces the effective
length from 6 to 2 pitch radii. Every normal link can be replaced with three short links
without changing the total length of AMMIS.

AMMIS with 2, 3, and 4 links were studied. All links, except the last, were replaced by
short links, resulting in 4, 7 and 10 link configurations. The last link was not replaced
since it should have sufficient length to support an end-effector. Force magnification for
these configurations can be seen in Table 2 with two variations of the last link; L=5r and
L=6r. The results indicate that M, is linearly proportional to the number of links when
the total length of AMMIS is kept constant; irrespective of the last link length. In the
case where L=5r, Mpa,=33 for 3 links and 77 for 7 links. For L=6r, Mju.=60 for 4 links

and 150 for 10 links. This result is not intuitive.

Also consider force magnification when the normal links are partially replaced with short

links. This will determine whether M,,,, depends upon the relative location of the short

lntennednate gear locations

ocfd“:; {%:%}

6 P.R. = Pitch Radius

Normal Link Short Link
Figure 2 - Long and short link diagrams
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links in the mechanism. We consider variations of an AMMIS initially with three normal
links and an end link. Nineteen variations are possible and are shown in Table 3, for
L=6r. The data, sorted in the order of increasing M, reveals:

S

19. M, is the least for the four-link configuration, followed by the six-link
configurations, and then by eight and ten-link configurations.

20. Data in Table 2 indicates My, is not quite proportional to the number of links - it
is dependent on the relative position of the short and normal links. For example,
for n=6, the ten variations in the link configuration produce M, varying between
78 and 102.

21. For a given n, M, is lower for link configurations with normal links closer to the
base. The ten configurations for n=6 and the seven configurations for n=8
support this conclusion.

12



Table 2. Mua, for configurations of common lengths using either short or long links.

. . Max Max
Link Configuration L=5r L=6r
6r, L (n=2) 16 18
2r,2r,2r,L (n=4) 32 36
6r,6r,.L (n=3) 33 36
2r,2r,2r,2r,2r,2r,.L (n=7) 77 84
6r,6r,6r,L (n=4) 56 60
2r,2r,2r,2r,2r,2r,2r,2r,L (n=10) 140 150
Table 3. My for configurations of equal length using permutations of
short and long links.
. . Mmax
Link Configuration =61
6r,6r,61,LL (n=4) 60
6r,6r,2r,2r,2r,L (n=6) 78
6r,2r,6r,2r,2r,L (n=6) 82
6r,2r,2r,6r,2r,L (n=6) 86
2r,6r,6r,2r,2r,L (n=6) 86
6r,2r,2r,2r,61,L (n=6) 90
2r,6r,2r,6r,2r,LL (n=6) 90
2r,6r,2r,2r,6r,L (n=6) 94
2r,2r,6r,6r,2r,L (n=6) 94
2r,2r,6r,2r,6r,L (n=6) 98
2r,2r,2r,6r,6r,L (n=6) 102
6r,2r,2r,2r,2r,2r,2r,L (n=8) 108
2r,6r,2r,2r,2r,2r,2r,L (n=8) 112
2r,2r,6r,2r,2r,2r,2r,.LL (n=8) 116
2r,2r,2r,6r,2r,2r,2r,L (n=8) 120
2r,2r,2r,2r,6r,2r,2r,L (n=8) 124
2r,2r,2r,2r,2r,6r,2r,L (n=8) 128
2r,2r,2r,2r,2r,2r,6r,L (n=8) 132
2r,2r,2r,2r,2r,2r,2r,2r,2r,.L (n=10) 150

13



2.3.3 Optimization of the AMMIS Link Configuration

We select several criteria for optimizing the AMMIS link configuration using the
perspectives of a design engineer and a surgeon. These criteria are quantified using cost

functions (Arora 1989) described below:

1. Workspace and Dexterous Workspace: Workspace is the region that the end-
effector can reach and dexterous workspace is the sub-space that can be reached with
all orientations (Craig 1989). An MIS instrument should have a large and dexterous
workspace. For simplicity, we consider [y, 6, and B in Figure 3 to compute both
workspaces by area instead of volume. Examination of Figure 3 and the restriction
imposed on B obviates that the tip will not be able to reach any point in the workspace

with all orientations. For this reason the definition of dexterous workspace is relaxed
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Figure 3. Reachable and Dexterous Workspaces
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to include regions that provide 270° range of end-effector orientation. Reachable and
dexterous workspaces are denoted by A, and Ay, respectively; and their cost functions

are C)=A, and C,=A4. A similar criteria was used by (Faraz and Payandeh 1997).

Force Magnification: The negative effects of large force magnification were
outlined in the previous section. The cost function for force magnification will be

C3=M .

Backlash: Backlash occurs in mechanisms due to clearance allowances that assure
smooth operation. It can degrade tip placement, accuracy, and repeatability.
Backlash depends on the number of meshing gears and for AMMIS the cost function

will be C, =ng+3n,, where n; and n, are the number of short and long links,

respectively.
Average tip path curvature: A dexterous surgical instrument is expected to

articulate with a small radius of curvature. The average radius of curvature of the

path trace by the tip is therefor a good indicator of dexterity. It can be expressed as

;=£J'pdﬂ (2.5)
” 0

where n is the number of links, p is the instantaneous tip path curvature, and  is the

relative articulation between successive links. The cost function is chosen as C; = p.

Maximum articulation angle per link: Fewer links will require greater articulation

per link for a net 180° articulation and adversely increases stresses in cables routed

along the mechanism. The cost function is represented by C, = 8., =7 /n.

15



We limit our search among configurations with two, three, and four links where the last
link is a normal link supporting a surgical tool. The optimal configuration is obtained by
finding the minimum weighted sum of the normalized cost functions. The choice of
weights depend upon the desired characteristics of the surgical instrument, but are

somewhat subjective. The weighted sum is described as
CF =-w,C)' =w,C) +w,C) +w,C,} +w,C} +w,C,’ (2.6)

where w; and C, i=1,...,6 are the weights and normalized cost functions, respectively,

corresponding to the elementary cost function C; i=1,..,6. The idea behind the
optimization process is to choose the link configuration that has large values of C, and

Cy, and small values of C;', C}', C}and C) . For the task of suturing, the weights are

chosen as
w, =80 w,=60 w,=40 w,=30 w;=10 w,=10 2.7)
The maximum weights were assigned to dexterous workspace and force magnification.

Table 4. Results of AMMIS link optimization, sorted in decreasing optimality.

Link Individual Cost functions

Configuration| ¢ | ¢Y¥ | ¢ | ¢V | ¢} | C} | NetCost
6r,2r,L 030 | 024 [ 0.18 [ 0.20 | 0.21 | 0.28 -1.98
2r,L 0.25 | 0.17 | 0.09 | 0.05 | 0.15 | 0.42 -1.93
6r.2r2r,L [ 032 ] 026 | 0.26 | 0.25 | 0.23 | 0.21 -1.92
2r,2r,L 0.26 | 0.19 | 0.16 | 0.10 | 0.18 | 0.28 -1.83
6r,L 026 | 0.22 [ 0.12 | 0.15 | 0.21 | 042 -1.79
6r6r2r,L [ 0331031 ] 032|035 030 | 0.21 -1.65
2r2r2r,L 1 026 | 0.22 | 0.24 | 0.15 | 0.20 | 0.21 -1.57
6r,6r,L 0.27 1 0.29 | 0.24 | 0.30 | 0.30 | 0.28 -1.46
2r,6r,L 023 | 024 | 0.21 [ 0.20 | 0.26 | 0.28 -1.30
2r6r2rL | 0.26 | 0.26 | 0.29 | 0.25 | 0.27 | 0.21 -1.30
6r,2r,6r,L | 0.27 | 0.32 | 0.34 | 0.35 | 0.31 | 0.21 -1.14
6r,6r,6r,L | 0.27 | 0.36 | 0.39 | 045 | 0.38 | 0.21 -0.86
2r2r6rL | 0.22 | 0.27 | 0.32 | 0.25 | 0.29 | 0.21 -0.82
2r,6r,6r,L | 0.22 | 0.31 | 0.37 | 0.35 | 0.35 | 0.21 -0.55

Rank

rlolol=|ale|co|Rann|s v~

16



Average tip path curvature had the least weight since suturing is typically performed in a
small region without gross steering. Optimization results are shown in Table 4, with data
sorted in the order of decreasing optimality. The optimum AMMIS is comprised of three
links among which the first and second links are normal and short links, respectively. In
terms of actual (not normalized) data, this configuration has a workspace of 206cm?,
dexterous workspace of 72cm?’, force magnification of 28, backlash resulting from 4
mating gears, average path curvature of 29.4mm, and 60° maximum articulation angle

per link.

2.4 Dexterous Articulated Linkage for Surgical Applications

2.4.1 Methodologies Explored

Tip rotation as well as articulation is necessary to position a suture needle in arbitrary
orientations. Towards this objective, several methods for tip rotation in articulated
configurations were explored (Minor and Mukherjee 1999). These include flexible
shafts, miniature motors, hydraulic systems, tendons, and geared mechanisms. Flexible
shafts encounter large cyclic stresses: a straight wire core wrapped with multiple layers
of wires is too compliant and SEA tubes are prone to failure. Miniature motors of 3 and
Smm diameter are available, but their length and load capacity prohibits their usage.
Hydraulic actuators were discounted because of leakage potential, additional hardware
requirements, and control complexity. Tendon actuation was considered, but not used

due to large actuation and pre-load forces.

Gearing was examined in two scenarios. In the first, a geared reduction unit at the tip of
the instrument would reduce the impact of shaft compliance. While load capacity could
be increased substantially, the effects of compliance were still appreciable. Alternatively,

by placing a third layer of gears along the AMMIS linkage, the exiting compact structure

17



Figure 4. The DALSA Mechanism.

could also be used to transmit power to the tip. Viewed as the best alternative, this
method uses very little additional space and allows routing of cables and accessories to
the end-effector. The serial chain of gears introduces some backlash, but that can be

minimized via tolerance control.

2.4.2 Description of Functionality

To describe our approach for tip rotation, refer to Figure 4. As shown in this figure,
DALSA DOF include articulation A; and A,, tip rotation B, and end-effector actuation,
C. Power for these DOF are transmitted through tendons a, and a,, a rotary shaft b, and a
push-pull cable c, respectively. An exploded view of DALSA is shown in Figure 5.
Rotation of the forceps at the tip of the instrument is accomplished via rotation of the
drive shaft 17, which drives bevel gears 6 and 5. Bevel gear 5 is coupled to Gear 35 and
drives gears 34 through 28. This ultimately drives bevel gear 4 and forceps 9. Actuation
of the forceps is achieved by push-pull cable 1. Push-pull actuation of the cable pivots
the upper jaw about the axis of screw 8. The cable rotates with the forceps and swivels
freely via the cylinder 43. Articulation is provided by tendons 23 and 24, which wrap
around the idler pulley 22 and around the end of the drive-link 21. They then pass

through the holes in the drive-link where they are restrained. Tension applied to tendon



23 displaces the tendon and hence rotates the drive-link about the axis of pin 41 in a

clockwise direction.

Wrapping the tendon about the pulley and then the end of the drive-link results in a
constant linear relationship between tendon displacement and link rotation, which aids
controllability. Identical to the AMMIS actuation, rotation of the drive-link 21 by some
angle B causes the subsequent links to articulate by angle P relative to the previous link.
Since this is a three-link mechanism, rotation B of the drive-link results in 3f net
articulation of the tip-link. In an actual surgical instrument, the base-link 16 will be
supported by a 10mm diameter tube, which will be coupled to a handle or motor drive at
the exterior end. The tube will be aligned with the base-link by pin 42 and retained by

the screws 36.

Figure 5. Exploded view of DALSA linkage.
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2.4.3 Force Analysis

In addition to the forces discussed in Section 2.3.2, we consider the forces exerted by the
bevel gears and additional gear pack for tip rotation. We examine DALSA in a straight
configuration for the sake of simplicity, which is justifiable in light of the results of
Section 3.2. Considering the free-body-diagrams of DALSA, in Figure 6, adopt the

following notation,

P% force acting between thei™ pin and the j* gear
PY force acting between thei™ pin and the j® link
G, forceacting on thei® gear tooth.

{

The load, Frp, is applied to a needle tip with radius rrp orientated at angle 0 relative to

the horizontal plane of the mechanism. The bevel gear force Br and the torque Tjp

A. Tip and Needle
B. Bevel Gear N.Pin 6
C. Tip Link (link 3) O.Pin 5
D. Drag Link (link2) P.Pin4
E. Drive Link (link 1)

F. Gear 8

G. Gear 7

H. Gear 6

1. Gear 5

J. Gear 4

K. Gear 12

L. Gear 13

Figure 6. DALSA mechanism Free-Body-Diagrams.
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balance the load. Taking moments about the x-axis of the Tip (labeled A), we have,

B, =" F,, 2.8)
B
where rg is the bevel gear pitch radius. We can determine the torque T acting on the

Bevel Gear (labeled B) as,
Ty =Brry =rppFpp (2.9)

Neglecting axial and radial separation forces created by the bevel gears, it can be shown

that the relevant forces supporting the tip are described by F, and T, where,

F, = Fm{sin(ﬂ)+£’ﬂj, T, = FT,,,[Lsin(B) -L, ’Ti) (2.10)

Ty Ts
and L and Lp are defined in Figure 6. Neglect the contribution of gear pressure angle
effects and bending moment and assume that D denotes the pitch diameter of all spur

gears, except for gear 8, which is '3{;D. The bevel gear is coupled to Gear 8 (labeled F)

and the torque T produces the reaction forces Gs and P°° described by,

G, = Pscs =§ rnpgm’

Gear 8 acts on Gear 7 (labeled G), producing reactions along the lower gear-pack
(labeled H, I, J) of the mechanism. This results in forces G; and Pf' for i=1...7.

Neglecting friction and pressure angles, these forces can be determined as

_ _§ Trip Frip Gi ___E e Frip

G, , P
3 D

= 2.11
=37 p (2.11)
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Considering the previously described forces acting on the Tip Link (labeled C), we can

show that the forces Gy and P acting on the Tip Link are,

G, = 2%5[(L+ Ly+r+ 181 jsm(&) rT,P:| (2.12)
2F.
PP = %[(L +L, +r, +% Jsm(ﬁ) rm,] (2.13)

To determine the forces on the Drag Link (labeled D), we balance the forces on Pin 7

(labeled M) yielding,

F, 11 ). 1 (2.14)
=2-TF g’ [(L+LB +r, +?D)sm(0)+7rm,}

Applying force P/* to the Drag Link (labeled D), we obtain the driving and support

forces G;; and P"* as,

G,,=4F— L+L, +r,,+H D [sin(8) (2.15)
D 8
L2 - 6%[L+LB +1, +%D)Sin(0) (2.16)

The force P acting on Pin 6 (labeled N) and the Drive Link (labeled E) is

PY = pi2 _ pOS - 6%[(L+L +r, +l—81-D)sm(0) :rr,,,] (2.17)

Since G,, = G,, =G,,, we can show that the forces ;"' and P acting on the Drive Link
are,

F.
P! =P! =P -P% = 8—17;1[(L+L8 +ry+ 181 )sm(e) —r,,,,] (2.18)
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Balancing moments applied to the Drive Link about the axis of Ty, the driving torque is

obtained as,

T, =-3.5DG,, +3DF," -2DP;" + DP"'

(2.19)
= FT,,,[(3L +3L; +3r; + % D) sin(@) —g rT,P]

Forces pertinent to gear design are Gs, Gy, Gy, and Ty, and are studied at 6 = —%

where the maximum amplitudes occur. Table 5 shows the maximum of these forces and
their equivalent torque for typical system parameters. As expected, driving forces are
larger near the base of the instrument. The tooth force representing Ty is fictitious since
the drive link does not have gear teeth on its driven end, but that force is shown for
comparison to the force magnification, M,n,,, introduced in Section 2.3.2.1. Recalling the

definition M,,.,=(fi/F), here we have,

M =188V 116 (2.20)
5N

max

which is larger than M,,, = 28, obtained previously. This can be attributed to the

increased tip length resulting from the forceps and gearing for tip rotation.

Table 5. Gear tooth forces and effective torque for a typical instrument configuration
(L=14.5mm, rg=2.0mm, D=6.35mm, Lg=2.7mm, rrp=10mm,
Ftip=5N, Diametral Pitch = 64).

Force Tangential Effective Initial
Component | Tooth Force Torque Thickness (mm)
Gs 21.0N 66.7 N-mm 0.97 mm
Gy -60.0 N -190 N-mm 2.76 mm
G -879N -279 N-mm 4.05 mm
Tiv -188 N -597 N-mm 8.66 mm
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2.4.4 Load Capacity Maximization

Decreased force magnification and optimized gear designs maximize load capacity.
Reducing tip-link and forceps length decreases force magnification to the level
mentioned above. Efforts to accomplish this include a compact forceps with integrated
upper bevel gear, as shown in Figure 6 (labeled A), and a smaller diameter for Gear 8,
labeled F. Nonetheless, force magnification is excessive and the gear designs must be

optimized to maximize load capacity.

In order to understand how gear design parameters affect tooth capacity, we examine
stress characteristics of an involute tooth profile. Based upon AGMA stress formulae,
(Shigley and Mischke 1989) the maximum bending stress, &, occurring at the root of the
tooth is described in US units by,

o WK, F KKKy o WPE @.21)
K, F J F

where W, is the load, P, is the Diametral Pitch (DP), F (tooth thickness), , K,=1.0
(application factor), K,=0.95 (dynamic loading factor), K;=1.0 (size factor), K,=1.3
(load distribution factor), and J=0.22 (geometry factor). To determine tooth capacity,
we must first calculate allowable bending stress, which is determined by,
S, K,

o, <

< 2.22
all KT KR ( )

where S, is the endurable bending strength, K, is the life factor, K7 is the temperature
factor, and K is the reliability factor. We use high strength UNS S42000 stainless steel
tempered at 400°F with an ultimate strength of 250ksi (ASM International Handbook
Committee 1996) which has an endurance strength of S,=69ksi, assuming 10’ cycles

(Shigley and Mischke 1989). Based on Eq. (2.22), the allowable stress is equivalent to

24



the endurance limit when we use K;=1.0 (10’ load cycles), Kr=1.0 (operating
environments up to 250°F), and K,=1.0 (reliability factor 0.99). Solving Eq.(2.21) for

tooth load, W,, and using o = 69ksi we have,

W, < 7924-;:— (2.23)

d
Using the original AMMIS tooth profile, 64 Diametral Pitch (DP) and 20° Pressure
Angle (PA), the load capacity is W,=21.7F (N per mm tooth thickness, F). Tooth
thickness is calculated to support the corresponding loads, both shown in Table 5. Notice
that the face width for T;y is much larger than that required by Gy at the opposite end of
the same link. Application of a tendon drive at Ty eliminates the need for the thicker link
at T;y and permits more effective use of the space. Tensile forces on the tendons
approach 199N, which is safely within the limits of a 1mm Vectran (Cortland Cable

Company 1997) cable with a 800N capacity.

As equation (2.23) indicates, gear load capacity is determined by thickness, F, and
diametral pitch, P4, which are both limited. The instrument must be encased in a flexible
tube, passing through a 10mm port, and hence the net gear thickness is limited by the
9mm annular space. Considering the major diameter of the gear profile to be 7.14mm
(corresponding to a 0.25in pitch diameter), the maximum gear pack thickness fitting
within the tube is 5.5mm, which is insufficient for the net 7.78mm thickness of Gs, Go,

and G, indicated by Table S.

The net 5.5mm thickness must be distributed such that load capacity is maximized. Prior
to optimizing the thickness of the gears, we modify the tooth PA and DP to maximize
capacity. A smaller DP implies larger teeth and increased load capacity whereas PA

determines the minimum DP a gear of a particular diameter may possess. Standard 20°
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and 25° PA prefer at least 18 and 12 teeth, respectively. Our largest feasible tooth profile
with 48 DP and 25° PA has a tooth capacity of 28.9 (N/mm thickness) as compared to
21.7 (N/mm thickness) for a smaller 64 DP 25° PA tooth, as seen from Eq.(2.23). The
former profile is used to strengthen the top two layers of DALSA, which is where the
largest forces occur. The later is used in the bottom layer, which supports less load, to
provide a smaller 12-tooth gear on the tip link (Figure 6, labeled F) to decrease tip length

and force magnification.

Based on the above profiles, we distribute the 5.5mm thickness of material amongst the

three gear layers optimally using standard gradient based techniques (Arora 1989).
Given 6 = —% , the gear life parameters previously stated, and the linkage configuration

as described, our optimization problem is to:

Find {t, ¢, t,} that maximizes {F,,} subject to,

- F.
G “0mx where 0, = 1486 25t _ 9340 Fre
- F.
T2 " O <0 where o, = 83 LB+rB+L+lD+irTIP _l£=5012i
O ax 8 3 th tz
9 " %m ¢ where o, =l672(LB+rB+L+%D)=7350-Fi
amax t3

1+, +1, <55

where o_,, =69000, and ¢,, #,, and #; are the bottom through top gear pack thicknesses.

Matlab results of the optimization are shown in Table 6. Using the optimal values, we
are assured that in the worst case scenario the maximum stresses occur simultaneously in

all three layers. In this case, the maximum infinite-life load supported by the tip of a Icm
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Table 6. Optimum gear thicknesses.

Variable | Items Effected Optimum
(Figure 6) Value

t; F,G,H,LJ 0.88 mm

t CE 1.88 mm

t3 D,K,L 2.75 mm

suture needle is evaluated to be 4.54 N. If an infinite life is not required, the instrument

can support intermittent loads approaching 8.7N.

We must ensure that the bevel gears are also capable of supporting the loads in the worse
case. From Eq.(2.8) , the tangential load, Br, transmitted by the bevel gears is 23N for a
4.5N needle load and 44N for the intermittent 8.7N needle load. Based on bevel gear
strength formulae found in the Machinery’s Handbook (Oberg and Jones 1973), the

maximum tangential tooth load, W,, in pounds is,

_ o, FI

= K. p°7s (2.24)
M

where o, = 69ksi is the maximum allowable bending stress, F=0.037in is the tooth
width, J= 0.15 is the geometry factor, Ky=1.0 is the mounting factor, and P=64 is the
DP. W, is computed to be approximately 17 pounds (=75N), which is sufficient to

provide a safety factor of 1.7 even for the 8.7N needle load.

2.5 Manufacturing, Performance, and Practical Considerations

DALSA is made of hardened stainless steels that possess high strength and corrosion
resistance, but that are difficult and expensive to machine. To achieve high precision in
gear profiles, a gear is typically hobbed, heat treated, and ground. This eliminates
residual heat treatment deformation and assures a precise tooth profile. Due to the small

size of the gears and unusual geared links, precision grinding is quite difficult. This
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leaves the machinist with the alternatives of shaping hardened materials or using methods

such as wire EDM and lapping.

Stainless steel gears of like materials and equal hardness also present difficulties during
operation. Specifically, micro-welding occurs at the pitch line when the gears mate under
high pressure. During micro-welding, small amounts of material are typically removed,
resulting in pitting. Pitting decreases smoothness of operation and induces premature
tooth failure. To eliminate these problems, our design alternates material types (UNS

S42000 and UNS S44003) and/or hardness between mating gears and pins.

Due to the number of meshing gears in DALSA, great care is paid to backlash
minimization. If backlash is poor, accuracy and repeatability of instrument tip placement
will suffer. Backlash is reduced by precise control of manufacturing tolerances, which
increase costs. Towards this end, clearance providing a slip fit between the gears, links,
and pins is allowed to vary between 0.0001” and 0.0007”. Gear shapes are controlled to
AGMA 12 standards with class E backlash allowance. As such, the backlash per mating
gear is intended to be less than 0.0005” at the pitch diameter. Considering these
allowances, we anticipate backlash of the articulation DOF at the tip to be 0.017”
(0.4mm). Allowing 0.001” backlash in the bevel gears and considering backlash in the
gear train, the backlash at the needle tip due to rotation is 0.028” (0.7mm). The
composite backlash for articulation and rotation at the needle tip is 0.036” (0.9mm).
Needless to state, backlash will be further diminished by friction between mating

components and compliance of the flexible tube covering the mechanism.
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2.6 Other Considerations

A key to advancing and improving the application of robotics is the design of
mechanisms that provide sufficient dexterity, workspace, and load capacity in lieu of
constraints on space and operability. This has been addressed via the design of a robotic
arm for enhanced dexterity in minimally invasive surgery. It was found that innovative
kinematics structures can assist in providing workspace, but engineering optimization is
required to achieve the configuration that provides satisfactory performance. Additional
DOF were also required to achieve necessary dexterity in placing the end-effector. In
this case, dexterity was accomplished by augmenting the articulation structure with an
additional gear arrangement. It was also found that this augmented structure required
further optimization to achieve necessary load capacity. The augmented structure also
resulted in coupled degrees of freedom where articulation also results in tip rotation,
unless compensated. Compensation is not a problem since the kinematic structure is well
known and proper control can counteract coupled DOF. The resulting instrument,
DALSA, can thus be integrated as part of a surgical robotics system or to form a manual
instrument. In summary, while innovative kinematics are extremely beneficial for
achieving dexterity in lieu of constraints, engineering practice is mandatory to assure that
proper load capacity, dexterity, workspace, and durability can be achieved. In the next

chapter, mobility is also considered.
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3. Design and Implementation of a Miniature Climbing
Robot

3.1 Motivation

In this chapter we address the problem of designing an autonomous climbing robot that is
a fraction of the size of any existing climbing robot in the literature. The robot must be
sufficiently small to travel through confined spaces, such as ventilation ducts, and to
minimize detection while traveling along the outside of a building. These environments
require that the robot travel on surfaces with varying inclinations, such as floors, walls,
and ceilings, and be able to traverse between such surfaces. Thus, the robot must be
capable of adapting and reconfiguring for various environments and modes of operation,
be self-contained, and be capable of carrying wireless sensors, such as a camera or
microphone and their transmitters. The purpose of deploying such a robot would be for
inspection, isolating the source of a biological hazard, or for gathering information about

a hostile situation within a building (Tummala, Mukherjee, et al. 1999).

All of the above requirements pose a challenging problem in robot design. The system is
substantially constrained by available space, weight, and power, and yet the robot must
provide sufficient mobility to climb and traverse between a variety of surfaces. This
problem is similar to the surgical mechanism of the previous chapter in that space
constraints are crucial; both devices must pass through and operate in confined
environments. The climbing robot, however, encounters weight and power limitations
not considered during the design of the surgical instrument. Consequently, a

conservative approach must be used for minimizing weight and maximizing mobility,
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which is just the opposite of the surgical instrument where increased weight usually

implies greater strength and load capacity.

3.2 Basic Structure

In response to aforementioned requirements, a biped Reconfigurable Adaptable Miniature
Robot (RAMR1) has been designed, constructed, and evaluated [Dulimarta, 2000 #33;
Minor, 2000 #30. During this first stage of the development process, the design focus has
been on selection, development, and testing of a kinematics structure. RAMR1, shown in
Figure 7, uses a biped format with four joints and five links. A revolute hip joint
supports two legs and articulated ankles at the ends of the legs. A Smart Robotic Foot
(SRF) (Dangi, Stam, et al. 2000) at the ends of the ankles provides the robot with the
capability to grip climbing surfaces. Steering is provided by one of these ankles. An
under actuated structure allows three motors to drive the robot and permits weight

reduction, space savings, and power conservation. To expedite the prototype process,

i
b

Figure 7. The Blped Climbing Adaptable Robot (RAMR1) scaling a vertical surface.
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RAMRI1 has been built twice as large as its desired size. The prototype, shown in Figure
7, measures approximately 45Smm x 45mm x 248mm in its longest configuation, weighs
335grams, operates under tethered control, and provides video surveillance. The larger
prototype has emphasized scale-related issues of the kinematics that result in increased
actuator loads and power consumption. During the next stage, power consumption will
be much less due to smaller size, but packaging of custom on-board electronics and

actuators will provide greater challenges.

3.3 Existing Wall Climbing Robots

Numerous efforts have been undertaken to design mobile robots for climbing inclined
surfaces such as walls or ceilings. Common motivations are inspection or maintenance of
tall buildings, ship hulls, nuclear facilities, or pipelines where the presence of human life
would be a risk, infeasible, or simply cost prohibitive. Due to the intended functionality
of these robots, they are typically much larger than RAMRI, as we shall point out in the
following survey. Like RAMRI, however, most of them also rely on suction to climb the
inclined surface. The majority employ crawling or walking for locomotion, with the
suction device placed at the end of a leg. Biped, quadruped, and eight legged robots are

typical. A few climbing robots are also known to be wheel driven or thruster propelled.

Biped robots are most suitable to wall climbing in situations where appreciable external
loads are not expected. Since a single foot supports the robot during walking, safety is a
concern: slippage of the supporting foot may cause the robot to fall. For this reason,
many biped robots are intended for inspection purposes only, where the payload consists

of lightweight sensors, such as cameras.
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Aircraft inspection is the intended application of the biped ROSTAM IV (Bahr, Lj, et al.
1996). ROSTAM IV has ankle joints similar to RAMRI, allowing articulation at one
ankle and both steering and articulation at the other ankle. The middle joint of ROSTAM
IV is prismatic, which limits the robot to traversing between inclined surfaces with acute
angles, such as the internal comner of a room. To its benefit, ROSTAM IV’s center-of-
gravity remains close to the climbing surface during walking. This reduces the bending
moment applied to the feet and consequently increases the robot’s load capacity and

safety.

The biped robot ROBIN (Pack, Christopher, et al. 1997) features similar ankle joints to
ROSTAM 1V, but its middle joint is revolute rather than prismatic, which is actually
stereotypical of biped robots. ROBIN uses opposing pneumatic actuators to control its
link angles, but the current design is only capable of traversing surfaces with an
inclination up to 60° from horizontal. The structure of the biped created by Nishi (Nishi
1992) for building inspection is very similar to ROBIN, but it features steering capability
at both ankles and its joints are actuated by electric motors. Nishi’s robot is capable of

climbing vertical surfaces and traversing between planes with different inclination.

The joint structures of ROBIN and Nishi’s robot are most similar to RAMR1, which uses
revolute hip and ankle joins and a differential in one ankle to permit steering. RAMR1 is
capable of climbing surfaces with any inclination and traversing between inclined planes.
Steering capability permits RAMRI1 to move to any point on a surface and also follow a
prescribed path. Currently, RAMRI1 operates in a tethered fashion, but future revisions
will provide tether-less autonomous operation. The greatest difference between RAMRI1
and the aforementioned robots is its size and weight. In its longest configuration, when

the links are parallel, RAMRI1 occupies an envelope 0.25m long by 0.05m wide by 0.05m
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high with a mass of 335gr. The next version of RAMRI1 will be less than half the current

size.

A third style of biped developed by Yano (Yano, Suwa, et al. 1997) uses a central body
and feet supported by two DOF ankles. One DOF is rotation of the foot about an axis
orthogonal to the climbing surface and the other DOF is prismatic such that the foot
raises and lowers. To walk, this robot swings its body about one foot and then the other.
Yano’s robot is not capable of traversing between surfaces of different inclination. It is
the closest in size to RAMRI since it measures 0.38m x 0.25m x 0.17m, but its 8kg mass

is much greater. ROSTAM 1V is the closest in mass, at 4kg.

Quadruped and higher legged robots are used more frequently when greater load capacity
and stability are required. ROSTAM (Bahr, Li, et al. 1996), NINJA-1 (Hirose,
Nagakubo, et al. 1991), and ROBUG II (Luk, Collie, et al. 1991) are all quadruped robots
featuring multi-DOF legs protruding from a central body and supporting feet with suction
pads. ROBUG I (Luk, Collie, et al. 1996) and MSIV (Ikeda, Nozaki, et al. 1992) are
eight legged robots. While these greater numbers of legs provide greater safety and load
capacity, they use more complicated mechanisms, which are more difficult to miniaturize

and control.

A number of robots have been designed to crawl on walls. These robots usually possess
bodies with several movable segment and suction cups on each segment. Like a
caterpillar, these robots create locomotion by moving these segments relative to each
other and applying suction to the corresponding segments, as in the robot by Gradetsky
(Wilson 1990). Similar strategies have been used for underwater welding robots (Bach,
Haferkamp, et al. 1996), inspecting hazardous ducts (White, Hewer, et al. 1998), and

inspection in nuclear power plants (Briones, Bustamante, et al. 1994). The robot used in
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the inspection of nuclear plants, known as ROBICEN, features an articulated segment for

traversing between horizontal and inclined planes.

Another class of wall climbing robots, or more appropriately wall driving robots, features
drive wheels for propulsion and a method of keeping the vehicle in contact with the
inclined surface. Robots by Nishi (Nishi 1996) use a single large sucker, like an inverse
hovercraft, or a series of thrusters to maintain contact with the wall. The robot Disk
Rover (Hirose and Tsutsumitake 1992) uses magnetic disks for wheels to hold the robot

on ferro-magnetic surfaces and provide propulsion.

3.4 Design Constraints

Factors governing the design of RAMRI are determined by its intended application,
namely, untethered gathering of sensory data in an environment where space will be
limited and detection undesirable. As mentioned earlier, the robot may be sent through
the ventilation ducts of a building, into the rooms of the building, or along the outside of
a building or structure. In all of these environments, the robot will need to send wireless
sensory data about that environment to a remote location and follow navigational
instructions. To accomplish this goal, the robot will need to operate for extended periods
with limited power supply. For these reasons, initial design efforts have focused on
miniaturization and limiting weight to minimize power usage. In order to validate design
concepts more efficiently, space constraints have been relaxed slightly to permit the use
of standard miniature components wherever possible. Design and selection of the robot
structure, actuators, and sensors have all been completed after considering all of the

above factors. The following design constraints have thus been established:

1. Mobility. The robot must be capable of (a) walking and climbing on horizontal
and vertical surfaces, (b) traversing between surfaces with varying inclinations,
and (c) navigating between specified locations.
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2. Size. In its largest configuration, the robot should occupy a space less than 20cm
X 5cm x S5cm.

3. Space Requirements. The space required above the surface to maneuver the robot
should be minimized to improve performance in confined locations.

4. Weight. The holding capacity of the suction feet, termed the Smart Robotic Foot
(SRF), governs the maximum weight of the robot. Therefore weight
minimization is critical for safe operation.

5. Sensors. Due to space requirements, sensors critical for operation are to be used.
These include wireless video for reconnaissance, pressure sensors for sensing
secure foot placement, and binary joint position sensors for calibrating motor
encoders.

6. Control. Backlash in the joints and minimal sensing for foot placement require a
controller capable of providing adaptability to a broad range of environmental
conditions.

3.5 Robot Kinematics

3.5.1 General Form

Several candidate designs were considered prior to constructing RAMRI1. As mentioned
previously, the objective was small size, extended operation, and adaptability. Several
variations of biped, quadruped, and wall driving robots were considered. While the
quadrupeds, and higher legged robots, possess safety advantages and increased load
capacity, they also require more actuators and increasingly complicated mechanisms.
This translates to increased weight, power usage, and control complexity, which are not
desirable. Thus, given limited package space and power supply, more complicated
designs were considered to be infeasible and design efforts focused on simpler structural

formats, such as the biped.

A biped robot can use a structure with fewer components and actuators. Thus, power

usage is decreased, weight is reduced, and the design can be miniaturized more easily.
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Reliability is also increased since there are fewer parts that can fail. Variations on the
biped robot were primarily considered for these reasons. These include structures with a
simple central body supporting two feet (the simple biped) and structures consisting of
two legs joined by various types of hips (the revolute, prismatic, and hybrid-hip bipeds).

Suction cup feet are used to support all of these formats.

3.5.2 Performance Criteria

To compare each of these configurations objectively, they are each evaluated based on
their ability to provide mobility and operate in confined environments. Mobility is
determined by the capability of the robot format to move between planes with relative
inclination of -135°, -90°, -45°, 45°, 90°, and 135°. For each angle of inclination that the

robot can cross, one point is awarded. These points are then summed together to

s
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Figure 8. Space requirement typified by cross sectional area required for walking.
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establish the mobility rating, M, for the particular kinematics structure. A larger mobility

rating, M, indicates that a structure can traverse a broader range of obstacles.

Operability of a robot structure in confined environments is determined by the space that
the robot requires for walking. This can be typified by considering cross sectional area
that the robot passes through while completing a step, as indicated in Figure 8. Strides
characterizing minimum and maximum space requirements for each format are evaluated
to determine which strides are suited to a particular environment. Less required space

indicates better operability in confined spaces.

3.5.3 Joint Structure: The Simple Biped

The simple biped structure is shown in Figure 9. The robot has a rigid central body with
ankle joints at each end of the body that support suction cup feet. In order to traverse
between inclined planes, as shown in Figure 9, it is necessary that each ankle provide
articulation to the feet. Steering must be also be provided to at least one of the feet to
permit the robot to move between arbitrary points on a plane and also to change its angle
of approach to an ir;clined surface. Steering at both feet would simplify these matters,
but would significantly increase weight. Thus, weight savings are balanced by increased

motion planning.

- vy

g / Revolute Ankle Joint

3 T ’_l-q /_ FOOt

Figure 9. The Simple Biped robot.
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The mobility evaluation of the simple biped is shown in Figure 10. As the figure
indicates, it is unlikely that the simple biped would be capable of crossing between planes
with relative inclinations of —135°, —90°, or —45°. This limitation is attributed to the
rigid central body that prevents the structure from placing its foot around corners. Thus,
the structure possesses limited dexterity. In situations where dexterity is less important,
such as while crossing between planes with inclinations of 45°, 90°, and 135°, the robot

performs satisfactorily. Thus the net mobility of the simple bipedis M =3.

The space requirement of the simple biped during flipping and crawling strides is
illustrated in Figure 11. As the robot flips its entire body end-over end about one foot, as
indicated, the flipping stride is achieved. For uniformity, it is assumed that the net length
of the robot is the maximum 20cm and that its width is also the maximum Scm. Thus
during the flipping stride, the robot requires a space of 100cm? for locomotion. A
crawling stride is also shown in Figure 11. In this stride, the robot lifts one foot slightly
off the ground and spins its body about the other foot. Here it is also assumed that the
robot occupies the maximum 5cm height, but since the foot is elevated slightly, it is

Relative Inclination of Surfaces
-135° -90° -45° 45° 90° 135°

Fail Fail Fail Pass rll{ Pass

Figure 10. Mobility of evaluation of the simple biped structure.

Flipping Crawling
A=20.0cm x 5.0cm = 100cm? A= 5.5cm x 20.0cm = 110cm?
20.0cm
—5.5cm
=~—>20.0 cm —
*':5: """"" | e R " Pow
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Figure 11. Space requirements of the simple biped structure during
flipping and crawling strides.
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Simple Biped R Two-legged Biped
(cannot traverse 270° corner) (capable of traversing 270° corner)

Figure 12. Simple biped and two-legged biped attempting to traverse a 270° corner.

assumed that a 5.5cm height is required. Thus, the net space required during the crawling

stride is 110cm?.

3.5.4 Joint Structure: The Two-Legged Biped (revolute hip joint)

The two legged biped with revolute hip joint is shown in Figure 12 adjacent to the simple
biped. Similar to the simple biped, this two-legged robot requires articulation at both
ankles to cross between inclined surfaces and a minimum of steering at one ankle to
move between specified locations. Thus, the balance of weight reduction and motion
planning complexity can be argued here as well. Enhanced dexterity is the dominant
feature provided by the revolute hip joint. This permits the robot to reach around

obstacles and place its foot.

The enhanced dexterity of the revolute hip format is evident when we examine its
mobility, as illustrated in Figure 13. Unlike the simple biped, the revolute hip biped is
capable of ascending all six of the inclined surfaces. Thus, the mobility of the revolute

hip two legged bipedis M =6.
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Depending on stride, the revolute hip also effects space requirements during walking. If
we again consider a robot that requires the maximum cross sectional area, Figure 14
indicates that the space required by the flipping locomotion of the revolute hip robot is
identical to the simple biped, which is 100cm?. During crawling, however, the revolute
hip robot is able to substantially reduce its space requirement to 47.5cm? by folding its

body in half.

Crawling and Flipping strides each have advantages and disadvantages. The crawling
stride, for example, is slower and requires more complex joint movements, which also
requires more actuators. However, it requires less space above the robot during
locomotion and helps maintain a lower profile. The flipping stride requires twice as
much space above the robot during locomotion and creates a greater moment arm when
the robot “flips” while moving up a vertically inclined surface. Increased actuator loads
and foot holding requirements are a direct result. Crawling, on the other hand, maintains
a lower profile to the surface, which helps balances the weight added by increased

Relative Inclination of Surfaces
-135° -90° -45° 45° 90° 135°
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Figure 13. Mobility evaluation of the revolute hip two legged biped.

Flipping Crawling
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Figure 14. Space requirements of the revolute hip two-legged biped during flipping and
crawling strides.

41



numbers of actuators. Hence, the crawling locomotion has a marginally detrimental
effect on stability on an inclined surface and permits the robot to travel through confined

spaces.

3.5.5 Joint Structure: The Two-Legged Biped (prismatic hip joint)

The two-legged biped robot with the prismatic hip joint is shown in Figure 15. As
indicated, collinear portions of the body sliding relative to each other form the two legs of
the robot. At the end of each leg are suction cup feet supported by articulated ankles.
They permit the robot to walk between planes with varying inclinations. Steering is
provided by at least one of these ankles to allow the robot to walk between arbitrary

locations.

The prismatic hip impacts mobility while walking between inclined surfaces.
Unfortunately, the prismatic hip joint possesses many of the same limitations as the
simple biped since the robot cannot reach around obstructions, as indicated in Figure 16.
Thus the robot is likely to not be useful on inclinations of —135°, —90°, or —45°. Using

the mobility rating outlined earlier, the net mobility of the prismatic hip biped is then

M=3.
N Sliding Locomotion
;-/:‘;'-’.
,;"’ " ...across a 90° corner ...over a flat surface ...across a 270° corner

T

®) ®) (a)

Figure 15. Locomotion of a Two-Legged Biped robot using a prismatic hip joint.
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The benefits of the prismatic hip are evident when we examine the space requirements for
walking, shown in Figure 17. Assuming that the robot can decrease its length from 20cm
to 13.5cm, which is somewhat arbitrary, the flipping stride only requires 67.5cm’®. While
walking in a crawling stride, the space requirement is decreased substantially to 27.5cm>
Thus, it is apparent that the prismatic hip joint is well adapted to operation in confined

spaces, but at the cost of decreased mobility.

3.5.6 Joint Structure: the Two-Legged Biped (hybrid hip joint)

A re-configurable middle joint that is a hybrid between the prismatic and revolute joints
should provide the robot with superior mobility. Such a joint would permit the robot to
reconfigure itself such that it could behave as a revolute or prismatic joint as required by
the environment and terrain. As indicated earlier, the revolute hip is best for dexterous
foot placement whereas the prismatic joint is ideal for confined locations. Thus, if the
hybrid joint can behave as both a revolute and prismatic joint, mobility and space

requirements will improve. Discrete regimes of revolute or prismatic behavior would

Relative Inclination of Surfaces

-135°

-90°

45°

45°

90°

135°

~C

ﬁ"*

P
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Figure 16. Mobility evaluation of the prismatic hip two-legged biped robot.

Flipping

Crawling

-
7

A=13.5cm x 5.0cm = 67.5cm?

L d

13.5cm

I\

A=5.5cm x 5.0cm = 27.5cm?

o 55cm

Figure 17. Space requirements of the prismatic hip two-legged biped during flipping and
crawling strides.
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also make control of the joint easier and permit it to be driven by a single actuator for

space and weight savings.

Numerous versions of a hybrid prismatic-revolute joint can be conceived. One
realization is shown in Figure 18. The hybrid mechanism consists of a movable link that
uses pins to guide its motion via slotted guide links. These pins, Guide Pins 2 & 3 in
Figure 18, travel in Guide Slots 2 & 1 on the Guide Links, respectively. The Moving
Link is driven via the Thrust Link, which travels in Guide Slots 1 & 2 via Guide Pins 1 &
2, respectively. The motion of the Thrust Link, and hence the Moving Link, is driven via

the Drive Block and Drive Rod, which are essentially a lead screw and mating tackle.

Notice that Guide Slot 2 possesses a straight segment that allows the mechanism to act as

a prismatic joint and a curved portion that permits the mechanism to function as a

Assembled Mechanism
upper guide not shown for clarity)

Guide Pin 1—/
Drive Rod Thrust Link

(threaded lead screw)
Guide Slot 1

Guide Slot 2
(revolute portion)

Guide Slot 2
(prismatic portion)

Lower guide link

Figure 18. A hybrid revolute and prismatic joint shown assembled and in exploded view.
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revolute joint. The transition between prismatic and revolute behavior occurs when
Guide Pin 3 reaches the limit of Guide Slot 1, as shown in the exploded view. As the
Thrust link continues to drive the Moving link, Guide Pin 2 is force to travel in the
revolute portion of Guide Slot 2. Hence, via a single actuator, such as a coreless DC
motor, the hybrid mechanism is capable of behaving as either a prismatic and revolute

joint. Examples of these distinct modes of operation are shown in Figure 19.

As Figure 19 indicates, the hybrid mechanism is capable of exhibiting prismatic or
revolute behavior. The particular design shown is capable of expanding from a net length
of 100mm in the closed position to 150mm in the open position. As the thrust link
continues to drive the mechanism, revolute behavior ensues and the link can actuate from
the straight configuration, denoted as 0° articulation, to a 120° counter-clockwise

articulation. A 30° articulation is shown in Figure 19. Thus, the hybrid joint is fully

Prismatic Mode (closed)

Pin 2 in lineal track
corresponds to prismatic
link behavior
Revolute Mode

(partially articulated)

Pin 2 in curved track
corresponds to revolute

Jjoint behavior

Figure 19. The hybrid revolute and prismatic joint shown in several positions.
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capable of behaving as either a prismatic joint, or to a limited degree as a revolute joint.

The limited articulation provided by hybrid joint must be debated since it constrains the
motion of the robot. The articulation provided by the joint is certainly sufficient to allow
the robot to perform a crawling stride similar to that of the revolute hip joint, shown in
Figure 14. The flipping stride, also shown in that figure, is not achievable since that
stride requires at least +90° hip articulation, which the hybrid cannot provide in the
design presented. However, the design can be modified to provide bi-directional

articulation in addition to prismatic motion.

The hybrid is also limited while crossing planes of various inclinations. This is because
the robot must first approach the inclined surface in a manner such that its limited
articulation can be exploited. If the robot can maneuver into such an orientation, it is
then limited in its capability to cross between the surfaces since it is forced to use the
crawling stride. This stride predisposes the robot to place its trailing foot behind the
leading foot, and thus the ability of the robot to cross between planes of —135°, —90°, or
—45° is entirely dependent upon the leading foot being placed sufficiently far onto the
inclined surface such that there is room for the trailing foot behind it. As a result, the
limited articulation of the hybrid joint does not entirely realize the benefits of revolute
hip. Whereas the revolute hip received a mobility score of 6, the hybrid joint only
receives a rating of M =3+3(0.5)=4.5. Full marks are awarded for crossing between
inclinations of 45°, 90°, and 135° where the hybrid can behave as a prismatic joint.
Half points are awarded for crossing between planes of —135°, —90°, or —45° due to

the limited capability of the robot in these situations.

Despite the mobility limitations of the hybrid joint, it capable of minimizing space usage

during locomotion. When the joint is in its prismatic regime, the robot uses the very
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minimal 27.5cm’ as in the case crawling with the prismatic joint. In the revolute
crawling mode, the robot only requires 47.5cm?. So despite mobility limitations realized
by the current hybrid design, it does capture the best space requirements of both the

revolute and prismatic hips.

3.5.7 Selection of Kinematics Structure

The mobility and space requirement data derived in the previous sections is presented in
Table 7. The data is indexed and identified by hip joint style and walking stride. For
analysis purposes, the data is normalized relative to the average performance of the
designs. Normalized mobility is determined by,

M -M 1&

MN=—1 28 ywhere M _=—S3M..
i M avg n; i

avg

and the normalized space requirements are calculated by,

Table 7. Data indicating space requirements and mobility of various robot joint
structures and strides.
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Configuration Space Requirement Mobility
index, i HIP Walkin N N
Structure Strideg A A M, M,

1 Simple Flip 100 0.52 3 -0.27

2 Simple Crawl 110 0.67 3 -0.27

3 Revolute Flip 100 0.52 6 0.45

4 Revolute | Crawl 47.5 -0.28 6 0.45

5 Prismatic Flip 67.5 -0.02 3 -0.27

6 Prismatic| Crawl 27.5 -0.58 3 -0.27

7 Hybrid | Revolute | 47.5 -0.28 4.5 0.09
crawl

8 Hybrid | Prismatic| 27.5 -0.58 4.5 0.09
crawl

Avg: 68.4 Avg: 4.13




These normalized expressions are designed such that positive values indicate better than
average performance and negative values indicate lower than average performance. The
prismatic (i = 6) and hybrid (i = 8) hips possess the best normalized space requirement

rating of 0.58. The revolute hip formats (i = 3, 4) have the best mobility rating of 0.45.

To evaluate each joint structure and walking stride in different environments, a weighted
sum of the normalized mobility and space requirement data is formed. The weighted

value of a configuration is thus calculated from,
o, = _ANWA + MinM

where three sets of weightings were selected to emphasize operation in unconfined
(wa=0.5, wy=1.5), confined (ws=1.5, wy=0.5), and mixed (ws=1.0, wy=1.0)
environments. These weighted calculations are shown in Table 8. The data indicates that
operation in an open environment is best achieved by #4, which is the revolute hip with
crawling stride, which received the highest rating of 0.59. Operation in a confined
environment is best achieved by #8, the hybrid hip with prismatic crawling stride, with a
rating of 0.92. This is followed very closely by #6, which received a rating of 0.74. In an
environment where equal emphasis is placed on mobility and space requirement, the

revolute hip with crawling stride (i = 4) performs best with a rating of 0.73. This is

Table 8. Weighted performance evaluations of the robot configurations operating in
open, confined, and mixed environments.

Configuration Environment

index, i | Structure | Stride Open | Confined| Mixed
1 Simple Flip -0.53 -0.91 -0.79
2 Simple Crawi -0.61 -1.14 -0.94
3 Revolute Flip 0.20 -0.55 -0.06
4 Revolute | Crawl 0.59 0.65 0.73
5 Prismatic Flip -0.28 -0.17 -0.30
6 Prismatic| Crawl 0.02 0.74 0.31
7 Hybrid | Revolute 0.23 0.46 0.37
8 Hybrid | Prismatic| 0.38 0.92 0.67
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followed distantly by the hybrid hip joint with prismatic stride (i = 6) with a rating of

0.67.

The revolute middle joint is selected for several reasons. First, the capability of the
hybrid joint is not entirely satisfactory in its current form, and it is believed that
improvements can be made to achieve bi-directional articulation. Since this robot is in its
first phase of construction, and a prototype must be constructed within the first year,
these improvements are left as the subject of later research. Secondly, the revolute joint
is a much simpler mechanism, which inevitably will be more reliable since it has fewer
parts and mechanisms that could fail. Reliability was deemed paramount since success of
this first prototype would be largely responsible for renewed funding, and hence the
revolute hip joint was selected based on its superior performance and anticipated
reliability. The development of an improved hybrid joint is the subject of the later

research. Details of the revolute hip design will now be presented.

3.5.8 Coupled DOF and the Two-Legged Biped

The revolute hip structure is used as a platform for the robot. To reduce the number of
actuators, and hence weight, consider the concept of coupling the DOF of the robot. As
shown in Figure 20, the Two-Legged Biped, with a revolute middle joint, has four DOF.
At one ankle, which consists of Link 1, Joint 1, Link 2, and Joint 2, there is one DOF for
steering (Joint 1), described by angle ¥ and one DOF for pivoting (Joint 2), described by
angle o. At the other ankle, Link 5, there is only a single DOF for articulation (Joint 4),
described by angle . At the hip joint, Joint 3, there is a revolute DOF for controlling the
angle between the legs, described by angle A. Each DOF powered individually would

require four actuators. Coupling the motion of two of these DOF would reduce the
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number of actuators by 25% and hence decrease the weight of the robot significantly

since the actuators are one of largest contributors to the robot’s net weight.

Obviously, the steering DOF at Joint 1 must remain uncoupled. However, coupling
between Joints 2 and Joint 3 is practical because the hip and ankle joints tend to function
in unison. A belt drive coupling the joints, conceptually illustrated in Figure 20, can
accomplish this. Assuming symmetric foot and link sizes, as illustrated in the figure, the

change in link angles during a flip motion will be AA=180° and A =90°. Selecting

the pulley diameter at Joint 2 twice as large as the pulley di at Joint 3 gi
that this relationship will be maintained. Hence, by driving the middle joint, Joint 3, the

ankle joint, Joint 2, will be driven appropriately.

Coupled DOF also produces side effects that may not be desirable. Once the joints are
coupled, they then function as one DOF and capabilities that were based upon their
independent actuation no longer exist. For example, the coupling designed above allows
the robot to perform the flipping stride, Figure 14, but the crawling stride is no longer
possible because the relative rotations of the hip and ankle joints are not the same for

both strides. Another cc

ion is encc d when aligning Foot 1 with the surface

o
P

Belt Drive

N

Figure 20. Joint and link structure of the Two-Legged Biped with coupled DOF.
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because independent control of Joint 2 is not feasible. Rather, Joints 3, 4, and 5 must all
be actuated simultaneously to align the foot with the surface. Hence, slightly increased
control complexity and decreased operability are compromises that must be made with
coupled DOF. As mentioned earlier, though, if these compromises are acceptable, a few

lines of computer code weigh much less than an additional actuator!
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3.6 Robot Design

3.6.1 Biped Structure

Figure 21 contains illustrated pictures of the current climbing robot. This figure is a little
cluttered by wiring on the robot and an exploded diagram of the robot has been included
in Figure 22. Full detail drawings of the components shown in Figure 22 are available in
Appendix B. As described in the previous sections, the current format of the biped
climbing-robot consists of a two-legged structure using a revolute hip joint to support two
legs of equal length. At the end of each of these legs are ankle joints supporting suction
cup feet. Ankle #1 consists of Joint 1 and Joint 2 which provide DOF for steering and

articulation. Ankle #2 provides only articulation via Joint 4.

Joint 3
(hip) 7% Mmor}\

Link 4
(leg 2)

Ankle #2

Pulley &

Timing belt g
Joint 4

Link 5
(foot 2)

Link 2

Link 1
(foot 1)

Figure 21. Illustrated pictures of the Biped Climbing robot with a revolute hip joint.
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Coupling between the hip, Joint 3, and Joint 2 is accomplished via belt driven pulleys,
shown in Figure 22 and Figure 21. This reduces the DOF of the robot and three motors
are used to drive the four joints. Motor #2 drives the Hip Joint by a worm gear system
and rotation of the Hip Joint is coupled to articulation of Joint #2. Motor #2 is supported
by Link #3, Figure 22, and the shaft of the geared motor unit supports the worm. The
worm is made of hardened steel and has a Diametral Pitch (DP) of 48, a single 14.5° lead,
and a .38” Outside Di (OD). As indi d in Figure 22 the worm gear (48 DP, 16

tooth) is pressed into Links #1 and #5 with a filleted raised shoulder to provide stability
and improved coupling between the gear and link.  The revolute hip joint under
consideration is created by Shaft #3, which is firmly retained by the motor bracket
integral to Link #4. The shaft provides a bearing surface for the worm gear and thus

relative rotation between Link #3 and Link #4 is achieved when the worm rotates.

Position Seasor

(Joint |>\

SRF
(Smart Robotic Foot)  Ankle #]

Position Sensors

Figure 22. An exploded diagram of the Biped Climbing Robot
with Smart Robotic Feet (Dangi, Stam, et al. 2000).
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Coupling between articulation of the Hip joint and Ankle #1 is achieved via the belt-

pulley system, shown in Figure 22 and Figure 23. A pulley clamped to the end of Shaft 3
drives the coupled DOF and retains Link #3. Rotation of Link #3 causes the relative
motion between the fixed pulley and the link, and this drives the belt motion. At Ankle 1,
there is a mating pulley clamped to the Differential Housing and the belt motion causes it
to rotate. The amount of rotation between the hip joint is half as much as the rotation of
the differential joint by design of the 2:1 sizing of the pulleys. Timed belts and pulley
were used to guarantee consistent relative position of the joints and a slight preload was

used to prevent slipping.

As mentioned before, as the hip joint articulates it simultaneously causes articulation of
Joint #2 via the belt drive system, indicated in Figure 23. This motion is also coupled to
the rotation of Joint #1 via the bevel gears indicated in Figure 22 and Figure 24. To help
understand this phenomenon, assume that Motor #1 is not allowed to rotate and realize
that this motor controls the rotation of the bevel gears. Also note that the bottom bevel

gear rotation is not coupled to articulation of the differential joint. Hence, the bottom

it 1
Figure 23 Belt dnve system coupling amculauon of Ankle #1 and the hip joint.
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bevel gear in the differential will not rotate as the differential articulates. However, as
the differential articulates it does displace Foot #1, and this displacement causes the foot
and its bevel gear to circle travel in a circle about the stationary bevel gears. Because of
the mating bevel gears, this motion is necessarily coupled to the rotation of the foot about
Shaft 1, and thus the coupled articulation DOF are actually coupled to the steering DOF,
too. Motor #1 is responsible for driving the bevel gears of the differential, and hence

must compensate for this coupling during actuation of the hip joint.

The differential is supported via a RulonJ bearing in Link #3, indicated in Figure 22, and
also by Shaft #2, which is clamped into the bracket supporting Motor #1. Rulon] is a
Teflon embedded polymer that provides the lubricant qualities of Teflon without the
undesirable malleability of Teflon. Shaft #2 is responsible for supporting the upper
portion of the differential housing as well as the bottom bevel gear of the differential. A
brass bushing is used in the upper portion of the differential to reduce friction. At
assembly, spacers must be placed below the bottom bevel gear to control its mating

TR
v

Figure 24. Ankle #1 and the differential.
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relationship with the bevel gear driving the foot. The bevel gear is brass, so its friction
with the shaft and steel spacers is minimal. Similarly, spacers placed between the motor
bracket and Link #3 control the interaction between the lower bevel gear and the bevel
gear mounted to Motor #1. A double set of miniature ball bearings support Shaft #1 and
the foot. They are pressed and retained in the differential housing. Such a durable and
low-friction support for Shaft #1 is especially important since the entire load of the robot

is supported as a cantilever by this joint.

Motor #3 drives articulation of Ankle #2 via a worm drive identical to the one used in the
hip joint. There are three motivators for selecting a worm drive at these joints. The first
is that the worm gear compactly provides additional gear reduction to allow for smaller
gear boxes. As important, the worm drive allows the actuator to be mounted transversely
to the joint axis and reduced the size of the robot. Hence, the actuators become integral
parts of Link #4, as shown in the figures, rather than a large object protruding out the side
of the robot. The last motivator is the self-locking characteristic present in most worm

ded

drives. In the situation that the robot may have to maintain a position for an

P

period, the actuators may sit idle. Unfortunately though, self-locking is a product of

friction, and friction is synonymous with inefficiency and wasted power.

Figu're 25. The worm drive at joint 4.
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To counteract friction effects, a combined MbS; and Graphite coating was applied to the
worm, worm gear, and shafts. These components, which all featured polished steel
rubbing against brass, typically possess a coefficient of friction of about 0.3. The
application of the MbS, and Graphite coating reduces the friction to a rated value of
about 0.07 (Dow-Coming 1999). The coating is quite durable, with a rated life of 71
hours under 1000lb per the federal pin and vee-block test method 791a-3807, so it
provides suitable dry lubrication for the prototype. Liquid lubricants were not used

because of the open joint structure and undesirable messiness.

3.6.2 Force Analysis: climbing a vertical surface supported by foot 1

The purpose of performing this force analysis is to determine the feasibility of different
actuators for Motor #2. A static force analysis is performed on the robot in the
configurations that apply the largest forces on the actuators. This will help determine the
ideal actuator among numerous alternatives. All given actuators under consideration are
geared DC motor units with position encoders. Each model weighs a different amount,
and has its own geometric properties and load capacities. These variations change the
load requirements from unit to unit, and thus each unit must thus be considered
independently to determine feasibility of its application. Of course, the selection of

Motors #1 and #3 both have direct consequence on Motor #2, and vice versa.

The robot will be analyzed while climbing a vertical surface in a straight, cantilevered,
orientation where the maximum moments and loads are encountered. Feasibility of an
actuator will be confirmed by a safety factor of at least 2.0 at this operating point. Such a
safety factor should be sufficient to accommodate dynamic forces as well as unexpected
friction. Figure 26 shows the robot supported by Foot 1. The case of the robot supported

by Foot 2 will be considered later in the selection of Actuator #3.
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The robot supported by Foot #1 is shown assembled and as Free-Body-Diagrams (FBD)

in Figure 26. The following notation is used in the figure:

F, = Belt force acting on the pulley

F,;; = Tangential worm load

F,z, = Radial worm load

L, = Length of the i* link between joints i and i +1
Py, = Force on the i joint in the x - direction

B, = Force on the i joint in the y - direction

T,, = Static friction torque on the i joint

W, = Total weight of the i" body

d, = Distance to the center of mass of the i* body from its support point.

r, = Pitch radius of worm gear

w2
Pys
T4 Foot #2
W, Y4 (Link #5)
Leg #1 Leg #2 P
(Link #3) (Link #4) Tegt Y

P. w2

s ))
PXL

Fy, w,
g

Figure 26. Free body diagrams of the climbing robot supported by Foot #1 on a vertical

surface (some forces omitted for clarity).
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r, = Radius of shaft supporting the i joint
a = angle of belt between pulleys

A = worm lead angle

¥ = worm gear pressure angle

u = Static coefficient of friction

Using the above notation while examining Foot #2, the tangential worm force, F,;,, and

pin forces, Py, and P,,, are determined to be:

1

Fyrs =r_(W4d4+TF4) 3.1)
g

P = F,,fT 3.2)

By =W, + Fy, (3.3)

The radial force on the worm drive, F,; , is generically determined by (Meritt 1971),

Fp = Ftany (3.4)

where i =14° is the pressure angle of the worm wheel. The friction torque on the i"

Jjoint, T}, is then generically determined by,

Tp =r.uy Px:'z + P}’iz 3.5)

Equations (3.1) through (3.5) are then used to form a quadratic expression that is solved

for the tangential worm wheel force, F,.,:

2 2 4 2
—rGW4d4—W4tan(w)r:2u -W4\/244'Gtan(\v)'52u "’s“‘ +’52” 442+tan(W)zrj2uzd42+'62rS2u2

Fwrz* r2p.2+(an(w)2r Zuz—r 2
: S (3.6)
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Similarly, the forces supporting Link #3 are F,;,, P;, and F,;. They are calculated as

follows,
1
Fyp = r—(W3d3 + Ty =Ty + o,y + Fyryy +(th. - F;R)Lg) 3.7
G
Pyy=Fyry = Fox = Pyy + Fyry (3.8)
=Fyr, — Fyy
B =W, + By = Fypy + Fym = Fyy (3.9)
=W, + W, + Fyp) = Fy |
where
Fgy = Fycosa (3.10)
Fyy = Fysina (3.11)
and o is the angle of the belt between the pulleys, determined by,
tan o = oLt e (3.12)

Before an expression for F,;, can be formed, the pulley force F; must be evaluated via
analysis of Link. Keep in mind that the pulley force acts as a torque on the Differential,
which then creates relative rotation between Link #2 and the Differential. This torque is
essentially the input required to rotate Link #2 and will be determined from this link. The

forces supporting Link #2 are determined as,

Py = Fypy — Py, 3.13)
= Fypx
B, =W, + B; - Fy, (3.14)
=u/2+“/3+“/4—pay ’
1
Fy :r-[wzdz + T, =Ty + Fypy 75 +(P,,3 _me)lq] 3.15)
P2
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Equations (3.7) and (3.15) each form non-linear equations in their fully expanded form

which must be solved numerically for F,; and thus F,,. Once these equations have been

solved, sufficient information exists for determining the load applied to Actuator #2.

Since the force F,;, is created by a worm drive system, we first realize that the force is

equivalent to a torque applied to the worm gear, denoted by M, :
My, = Fypi15 (3.16)

and that a worm torque, M, is required to create the worm gear torque. Considering
that torque loss due to friction in worm drives can be substantial, we first consider the

efficiency of the worm drive (Meritt 1971):

EFF=— 4 _43g G.17)

tan(A + arctan u)

$g Q. [
}:ﬂ:joo @O Do@o@o@o@og (0] #
v =
Djfferee A
\ 3
N - 4
Qe T -
| Q! H &lo. $ | R IP-C-HSTg PPy
% ‘ u_ I \/1‘,,4
wll W. W2| W, Py,
F‘-)Ot#l d D= d; Leg #2 P. m
(Link #1) (Link #4) T | ¥ |
5 i S
g
(Link #3) Pya @
W,
Foot #2 -—d;—l
(Link #5)

Figure 27. Free body diagrams of the climbing robot supported by Foot #2 on a vertical
surface (some forces omitted for clarity).

61



Given that the reduction ratio of the worm drive is 20:1, the required worm torque is then,

_ MWGl

M, = 3.18
Y1 20EFF (3.18)

Selection of Actuator #1 is made based upon the capability of the actuator to provide this
torque while operating near a preferred joint speed. This will be considered further in

Section 3.6.6 after the worst-case loads for the other actuators have been determined.

3.6.3 Force Analysis: climbing a vertical surface supported by Foot 2

In this section the robot is again considered while climbing a vertical surface, Figure 27,
but now Foot #2 supports it. The robot is again in a straight, cantilevered, configuration
where the maximum load on Foot #2 occurs. In this situation, however, the forces due to
the other bodies can be considered cumulatively since the coupling created by the belt
drive does not affect Actuator #3. Essentially, those forces are internal to the rest of the

robot. The forces acting on Foot #2 and affecting the actuator are determined to be,

P, =Fyp, (3.19)
P,=W,+W,+W,+W, +W, + F,, (3.20)
Ty =1l an2 + sz (3.21)

Fyr, = By, tany 3.22)

1 [W(L = d) + Wy(Ly+ L~ dy) +

K
Tl WLt Lt L+ d) Wyl + L+ d) + T,

(3.23)

Equations (3.19) thru (2.3) are then used to form a quadratic equation for the driving

force F,,;,, which is not shown here because of its extreme length. Once F,,, is

T alculated, then the effective torque on worm gear is determined by,

My, = Fyrorg (3.24)
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T he worm torque can then be determined by,

= Mue_

M. = 3.25
Y 20EFF (3.25)

w here the efficiency, EFF, is determined by Equation (2.22). This worm torque will then

be used in Section 3.6.6 for selecting Actuator #3.
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3.6.4 Force Analysis: Steering on a vertical surface while supported by Foot 2

T he maximum loads for steering the climbing robot will now be examined. These forces
occur when the robot is steering on a vertical surface. If independent articulation of
Joints #2 and #3 were possible, this maximum would occur when the hip joint and ankle
joint #2 were straight, ankle joint #1 was bent 90°, and the orientation was such that the
robot was perpendicular to the gravitational field. Rather, articulation of Ankle #1 is
directly coupled to the hip joint, and the aforementioned configuration cannot be
achieved. Instead, as the hip joint bends, so does Ankle #1, and the effective moment
created by steering the robot changes. The maximum of that moment, denoted by T},

occurs when the robot is in the configuration shown in Figure 28, and is calculated as,
T, = W,d, cos45°+W;(L, + d;)cos45°+W,(d, + (L, + L,)cos45°) (3.26)

This equation will also be used in Section 3.6.6 for actuator selection.

. . . W . W . . W, . . . . W, W, W, W, . . . . . . N

TOE View Foot #1

q g® (Link #1)

T L Differential . W
Foot #2 (Link #2) / b
(Link #5)
W3
w
2 Tl
d;

Leg#2 L, ™ Leg #1

(Link #4) 3 (Link #3)

Figure 28. Diagram of the climbing robot stee;ng via Foot #1 on a vertical surface.
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3 .6.5 Actuator Selection Criteria

W e now consider the force analysis conducted in the previous sections to determine the

wviability of various actuators applied to the climbing robot. There are a number of

criteria that the optimal actuator must satisfy. They are summarized in the order that they

w ere examined during the design process:

1.

Torque Safety Factor (TSF). The actuators must be able to provide a safety factor
of at least 2.5 to compensate for unanticipated friction affects and for dynamic
forces, which are anticipated to be quite small due to small joint velocities. The
TSF is calculated based on the worst-case joint torques, described in the previous
sections, and the maximum continuous torque that the motor unit can supply to

the joint. A generic expression for TSF is,

TSF, = ' = il (3.27)

where T; is the worst case joint torque, n; is the gear reduction, &, is the net
efficiency of the gear reduction, and T, ; is the maximum continuous torque of

the motor.

Packing Length Constraint (PLC). The actuators must fit within the allotted
space, where net length is the primary concern. Variations in the design could
accommodate excess length to some degree, but as rule the length of Actuator #1
should be less than 5Smm and the length of Actuators #2 and #3 should be less
than 52mm. The PLC is formulated as the amount of available space, or
unavailable as the case may be, when the actuator is incorporated in to the robot.

In the case of Actuator #1, PLC is formulated as,
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PLC,=55-L, (3.28)

where L, is the net length of the actuator. Similarly, the PLC for Actuators #2 and

#3 are formulated as,

PLC,,=52-1L,, (3.29)

Obviously, a feasible actuator has a positive PLC.

. Shaft Load Safety Factor (SLSF). The compactness of the robot necessitates that
the gear boxes attached to the motors support the anticipated gear forces. Gear
forces applied to the output shaft of the transmission include radial force and
subsequent torque. In either case, the SLSF should be at least 1.5 if an infinite
life rating is provided by the transmission manufacturer, or 2.5 if only an
intermittent transmission rating is provided. In the case of Actuator #1, which

drives steering, the SLSF is calculated by,

SLSF, = minimum(—&l—i, -ﬂ) (3.30)
MR FR

where Mp and F, are the moment and normal loads created by the bevel gear, and
My and Fp are the rated moment and radial loads of the motor unit. The moment

load is calculated as,

M, =dBFr

(3.31)
=70F, [mNm]

where dg=7.0mm is the distance from the bevel gear pitch circle to the gearbox

face. The force F, is determined by,
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d \2c-f
=011M,, [N]

M;s; (mNm) is the shaft load applied by the motor, d=7.9mm is the pitch diameter
of the gear, f=1.8mm is the face width of the gear, and C=6.5mm is the distance

from the apex of the bevel gear pair to the far edge of the gear tooth.

Similarly, the shaft load safety factor for Actuators #2 and #3 are determined by
the normal forces created by the worm drives. The expression for SLSF for the

middle joint is,

SLSF, = minimum(h, fﬂ) (3.33)
MR FR

Again, Mg and Fy are the rated moment and radial loads of the motor unit, and

Mpw; and F,y, are the bending moment and normal load created by the worm

drive. They are calculated by,

Mgy, = Fy,dy, (3.34)
Fap =222 tany (3.35)

where dw;=11mm is the axial distance along the worm from the face of the motor
unit perpendicular to the center of the worm, y=14.5° is the pressure angle of the
worm, Ms; is the shaft torque created by the motor, and d=8.5mm is the worm
pitch diameter. This expression can also be expressed as a function of the
required joint torque, My, if we also consider the efficiency of the worm drive,

€ =3, and its reduction ratio n=20. The resulting expression is,
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2M
F,,=—2%%t
W= e ¥ (3.36)

=010M,, [N]

This expression also applies to ankle joint 2.

. Maximum Power Consumption (MPC). Assuming that several actuators satisfy
the above specifications, final selection of an actuator will be based on a robot
with minimal MPC. Power consumption is based on the power requirement
necessary for the worst case load conditions at the prescribed JAV. Since DC

motors are considered, power consumption, P, is calculated by,
P=VI

where V is the necessary voltage to achieve the desired output speed. It is
determined by required joint speed, and the Speed Constant and gear reduction of
the motor under consideration. The current, I, necessary to achieve the joint
torque is determined by the efficiency and reduction ratio at the joint, and by the

Torque Constant of the motor.

The aforementioned criteria are evaluated with common joint velocities. The joint

velocities are determined by the desired walking speed of the robot. During this initial

prototype stage where investigative value has overshadowed performance, it has been

established that the robot should be capable of completing a complete flipping step in at

least than 7.5 seconds. This corresponds to the hip joint moving at 4 RPM, the steering

joint moving at 2 RPM, and Ankle #3 moving at 2RPM. Since most actuators are

capable of these performance levels, they will serve as an operating point where power

consumption is evaluated. The net weight is also evaluated to assure adequate holding

capacity of the suction cup feet. It is calculated by summing the weight of all of the robot

68



components, including the feet, actuators, structural components, and fasteners. Wiring
has not been considered. The above criteria will now be applied during the evaluation

and selection of actuator units for the climbing robot.

3.6.6 Actuator Selection

Several groups of actuators will now be examined. The analysis will start with the
smallest actuators and proceed to larger devices in order to determine a range of feasible
units. Groups of actuators with similar size amongst each group will be examined to
minimize the number of permutations that must be considered. Units that were totally
unrealistic, that is, they could not satisfy the TSF criterion or were far too large, are not

discussed.

The size of motors considered range from 10mm diameter to 17mm diameter, and
0.75watts to 3.2watts, respectively. Motor manufacturers with a broad product range,
including motor selection, gear heads, and encoders, were the primary concern. These
include API Portescap (API-Portescap 1998), Maxon Precision Motors Inc (Maxon-
Precision-Motors 1999), and Micro Mo Electronics (Micro-Mo-Electronics 1997). All of
these companies provide thorough product data, which is critical during the design stage.
Units available through API and Maxon were primarily considered since the units offered
by Micro Mo were quite similar to those from Maxon, and Micro Mo’s engineering units

used throughout their catalog were mixed.

The smallest units examined were the Maxon RE010. They are 10mm diameter, 0.75
watt, planetary-geared (plastic housing) DC motors with digital magnetic encoders.

Since joint level feedback was not incorporated into this first prototype, the encoders

Table 9. Maxon motor performance (10mm, .75w, plastic planetary gearbox).
Error! Objects cannot be created from editing field codes.
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were necessary to control joint position indirectly. This allowed the use of packaged
motor controllers ready to interface with a computer serial port. Using these motors, the
net mass of the robot is 235gr, and as Table 9 indicates, they motors satisfy the TSF and

PLC. Unfortunately, the plastic housing is unable to support the shaft loads.

The next units examined were the Maxon REO13. They are 13mm diameter DC motors,
also with magnetic encoders, and planetary gearboxes with metal housings for higher
load capacity. This characteristic is indicated by Table 10 which shows a that the unit
has satisfactory TSF and SLSF. In this case, however, the motor unit is too long, as
indicated by the negative PLC values, and is not feasible. The 13mm diameter Portescap
units shown in Table 11 also have similar capability and also suffer from excess length

demonstrated by their PLC values.
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Table 10. Maxon motor performance (13mm, 1.2w, metal planetary gearbox).

Data Motor #1 Motor #2 Motor #3
Model Information REO136V 1.2W |RE0136V 1.2W |REQ13 6V 1.2W
Weight, gr 38 35 35
Diameter, mm 13 13 13
Net Length, mm 58.4 55 55
Gear Ratio 1119 275 275
Max Radial Load, N 40 40 40
Max Shaft Moment, mNm 240 240 240
Torque Constant, mNm/A 3.4 3.4 3.4
Speed Constant, RPM/volt 2820 2820 2820
Torque Safety Factor (TSF) 4.5 5.5 6.2
Package Length Constraint (PLC) -3.4 -3 -3
Shaft Load Safety Factor (SLSF) 1.48 12.92 14.44
Max. Power Consumption (MPC) 0.07 0.57 0.26
Table 11. Portescap motor performance (13mm, 2.5w, metal planetary gearbox).
Data Motor #1 Motor #2 Motor #3
Model Information 13N88 12V 2.5W |13N88 12V 2.5W |13N88 12V 2.5W
Weight, gr 33 30 30
Diameter, mm 13 13 13
Net Length, mm 67.6 63.5 63.5
Gear Ratio 352 88 88
Max Radial Load, N 20 5 5
Max Shaft Moment, mMNm 40 40 40
Torque Constant, mNm/A 9.1 9.1 9.1
Speed Constant, RPM/volt 1053 1053 1053
Torque Safety Factor (TSF) 3.2 4.4 5.8
Package Length Constraint (PLC) -12.6 -11.5 -11.5
Shaft Load Safety Factor (SLSF) 0.90 1.96 2.21
Max. Power Consumption (MPC) 0.08 0.55 0.21
Table 12. Portescap motor performance (17mm, 3.2w, metal planetary gearbox).
Data Motor #1 Motor #2 Motor #3
Model Information 17N88-208P 6V |17N88-208P 6V  |17N88-208P 6V
Weight, gr 43 43 43
Diameter, mm 17 17 17
Net Length, mm 53.8 49.7 49.7
Gear Ratio 166 30.2 30.2
Max Radial Load, N 20 20 5
Max Shaft Moment, mMNm 160 160 40
Torque Constant, mMNm/A 7.2 7.2 7.2
Speed Constant, RPM/volt 1333 1333 1333
Torque Safety Factor (TSF) 2.8 2.8 3.1
Package Length Constraint (PLC) 1.2 23 23
Shaft Load Safety Factor (SLSF) 0.81 710 8.00
Max. Power Consumption (MPC) 0.07 0.52 0.23
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Since the larger units available from Maxon continue to violate the PLC constraint, larger
units from Portescap were examined. The next units evaluated were 17mm Portescap
17N88 geared DC motors with metal planetary gearing and optional ball bearing or
bushing output shaft support. As Table 12 indicates, these units satisfy the TSF and PLC
requirements very well. The optional ball bearing shaft support is used on Motor #2 for a
SLSF of 7.1 and the bushing SLSF is used on Motor #3 for a SLSF of approximately 2.0.
The ball bearing support is also used on Motor #1, but due to the high loads on the bevel
gearing, the SLSF is only 0.8, which is risky for short term operation even though these
ratings are based on infinite life. The only motor that had a reasonable SLSF=1.5 on this

joint was the Maxon REO13 with metal gearbox, but it was 4mm too long.

A compromise had to be made for the sake of producing a prototype rapidly, and the
Portescap 17N88 actuators were selected. The weakness of the steering actuator was
deemed acceptable for short term operation, and the design could be perfected during the

next stage of research.
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3.6.7 Structural Optimization

Now that the final actuators have been established, the structure of the robot can be
examined to assure that it can support the given loads and to determine if its weight can
be further minimized. The holes that have been shown on the structure until this point
are actually a product of these efforts. Prior to the analysis, however, the joint loads
must be examined one last time for the purpose of applying Finite Element Analysis

(FEA) to the structure.

The robot is once again considered climbing a vertical surface in a straight, cantilevered,
orientation as shown in Figure 29. Unlike the case of the actuator investigations, shown
in Figure 26, the robot is turned 90° about its longitudinal axis such that the bending
moments are applied to the links to exploit their weakest bending strength. This
configuration and corresponding boundary conditions are shown in Figure 29. The

boundary conditions consist of the Joint loads and appropriate anchor points created by

Foot 1 supports robot in Link 2 analysis

IZ
Yy

“ , 'r../

Link 5
Figure 29. Diagram of robot Boundary Conditions used for Structural Analysis
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the structure. For the sake of worst-case load conditions, it is assumed during the
analysis of Link #2 that the robot is supported by Foot #1, that the strut provides no
support, all resistance to bending is provided by the motor mount locations, and that the
preload of the belt has no effect. Supporting the robot by Foot #1 creates the largest

bending moments in the link.

Based on structural components manufactured from Aluminum 6061 with an un-
tempered yield strength of 8 ksi, the effective force, Fi», and moment, M,,, applied to

Link 3 are determined to be,

F,=W,+W,=194 N (3.37)

M,, =W,d, +W,(L, +d,) =136 mNm . (3.38)

In the analysis of Links 4 and §, it is assumed that Foot #2 supports the robot. This
creates the largest forces on these members. Contributions of the motors to the loading of

Link 4 have been depicted as Fy;, Fu2, M1, My2 Where,

F, =F,,=042N (3.39)

M,,=M,;=113mNm (3.40)
The external force and moments applied to Link #4 are,

F,=W +W,+W,=141N (3.41)

My =W(L,-d)+W(L, +d)+W,(L, +d,) =997 mNm (342
and the external forces and moments applied to Link #5 are,

F,=W+W,+W,+W,=263N (3.43)
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M =Wy(L,+ L, d,)+

’ (3.44)
AW,(L, + L, +d,)+ Wo(L, + L, + d,)) + Wy(L, — d,) = 263 mNm

The final analysis of Link #3 is shown in Figure 30. As the image indicates, the largest
stresses occur near the motor bracket mount location, which is anticipated because that is
the anchor location, indicated in , for the link. There are five 7.9mm diameter h(;ies in
the link to reduce the weight of the link by 1.4gr, a 19% decrease in mass of the link.

The maximum stress is 1.9 ksi, which provides a safety factor of 4.2.

The final analysis of Link #4 is shown in Figure 31. Eight 7.9mm diameter holes have
been added to the upper and lower plates to decrease the weight by 1.1gr, an 8% decrease
in structural weight of the link. The maximum stress of 2.7 ksi occurs in the motor

brackets near the joint supports. This provides a safety factor of 3.0 with Aluminum

Stress (psi)
RESULTS: 4- B.C. 1,STRESS_4,LOAD SET 2

STRESS - VON MISES MIN: 1.20E-01 MAX: 1.85E+03
DEFORMATION: 2- B.C. 1,DISPLACEMENT _2,LOAD SET 2 1.66E+03
DISPLACEMENT - MAG MIN: 0.00E+00 MAX: 3.73E-03

1.85E+03

1.48E+03

1.29E+03

1.11E+03

9.25E+02

7.40E+02
5.55E+02
3.70E+02
1.85E+02

1.20E-01
Figure 30. FEM analysis of Link 3 subjected to maximum loading.
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6061, or a safety factor of 5.6 using stronger Aluminum 7075 with an un-tempered yield

strength of 15ksi.

The final analysis of Link 5 is shown in Figure 32. It has a maximum stress of 7.6 ksi for
a safety factor of 1.97 using Aluminum 7075, which is necessary with this part. Some
large stresses are shown near the worm gear mounting pocket, but those can be attributed
to the application of point loads. Maximum stresses occur at the opposite end of the link,
near the foot. These are due to large bending moments. These could be averted by
webbed side structures added to the link, if the aforementioned stresses result in
deformation. Deflection in all of these results was determined to be minimal, with at

most .004”.
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RESULTS: 2- B.C. 1,STRESS_2,L0AD SET 1 Stress (psi)
STRESS - VON MISES MIN: 5.11E+00 MAX: 2.63E+03 29508
DEFORMATION: 1- B.C. 1,DISPLACEMENT_1,LOAD SET
DISPLACEMENT - MAG MIN: 0.00E+00 MAX: 2.87E-03

2.37E+03]

2.11E+03]

1.84E+03

1.58E+03,

1.32E+03]

1.06E+03]

7.94E+02

5.31E+02

2.68E+02]

5.11E+00

H

Figure 31. FEM analysis of Link 4 subjected to maximum loading.

RESULTS: 2-B.C. 1,STRESS_2,LOAD SET 1
STRESS - VON MISES MIN: 8.04E+01 MAX: 7.56E+03
FRAME OF REF: PART

2.51E+03

2.03E+03

1.54E403

1.05E403

5.67E+02

8.04E401
Figure 32. FEM analysis of Link 5 subjected to maximum loading.
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3.7 Testing

The robot was tested climbing on a vertical surface, walking on a horizontal surface,
walking between a horizontal and vertical surfaces (crossing a 90° corner), and walking
between specified locations on a vertical surface (Minor et al 2000, Dulimarta et al.
2000). During the walking and climbing tests on horizontal and vertical surfaces,
respectively, the robot started from an initial position and walked a specified number of
steps. A sequence of pictures of the robot climbing a vertical surface is shown in Figure
33, Figure 34, and Figure 35. The robot performed these tasks with no difficulties. Only
a small amount of uncertainty was encountered when placing the foot at the end of the
step, and varying the joint angle slightly until the foot was secured on the surface

counteracted this.

One of the most difficult tasks was walking between specified locations on a vertical
surface. While walking between points, the robot was to follow a path on the surface to a
final destination. This task involved walking vertically up the surface, turning 90°,
walking across the surface several steps, turning 90°, and walking up the surface another
two steps. Uncertainty of the steering angle played a major while the robot was walking
across the surface since gravity tended to turn towards the ground. A joint level

potentiometer was incorporated to offset this effect.
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Figure 35. Biped climbing a vertical surface. Near end of step and final position.
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The most challenging task was crossing the 90° corner between the vertical and
horizontal surfaces. Again, uncertainty caused this difficulty because the robot does not
have adequate sensors for determining the attitude of its feet with respect to the climbing
surfaces. Our test was based on the hypothetical situation that if the robot was placed in a
known position, it could move its joints to a determined set of angles and the foot should
be very close to perpendicular to the next surface. ~With slight reorientation of the
angles, the foot will make contact and the robot can cross to the inclined surface. Again,
however, since joint level control is not used, backlash affects the joint angles and the
final position of the foot will not quite be perpendicular. The affects of gravity and
compliance in the feet also add to this problem. Hence, until sensors such as feelers or
proximity sensors, are incorporated into the robot, climbing between surfaces will be

difficult.

3.8 Future Work

Research during the next stage of this project will proceed in two directions. One focus
will be the further miniaturization of the aforementioned climbing robot to about half its
current size. This will provide formidable design challenges due to miniaturization and
restricted package space. Benefits will be reaped in the form of weight savings and
extended operability. This second prototype will also permit further exploration into the
design of the structural components for improved rigidity and efficiency, as well as joint

level sensors for improved accuracy.

The second, and more significant, research focus will be on the development of the
hybrid joint. While the proposed joint permits prismatic and revolute behavior, its
revolute behavior is somewhat limited in range of motion. In fact, the hybrid joint only

permits articulation in one direction, albeit between zero and 120°. This limited
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articulation allows the robot to cross 90° and 270° corners satisfactorily and perform the
crawling and sliding walking strides. It does not, however, permit the robot to perform
the flipping stride effectively. Incorporation of joint level sensors into this design will be

very challenging.

3.9 Other Considerations

In this chapter, design of a climbing robot for superior mobility under significant
limitations on available space and power has been studied. The robot developed is
capable of adapting to walking or climbing on vertical or horizontal surfaces, traversing
between surfaces with various inclinations, and also steering to any point on a surface.
The robot designed is motivated towards being the smallest robot of its nature and
possessing an adaptable structure to allow the robot to traverse confined spaces as well as
rapidly across surfaces. A conceptual hybrid prismatic-revolute joint was presented for
this purpose. The initial robot, however, for the sake of rapid exploration, was built two
times scale and with only a revolute hip joint. This allowed a prototype to built rapidly
and reliably, and to permit the exploration of coupled DOF for reduced weight. An
analysis of the force in the robot was then conducted to determine the set of feasible
actuators, and then a FEM analysis of the structure was performed to assure adequate

strength and provide further weight reductions.

Design of the robot emphasized many important points, only some of which were
encountered during design of the surgical instrument. Like the surgical instrument
design, the climbing robot design required design innovations combined with engineering
analysis and optimization to determine the most adaptable and trustworthy kinematics
structure. Unlike the surgical instrument, however, weight, actuation, and power usage

are major issues for the climbing robot. This is partially attributed to limited holding
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capacity of the suction feet, which in turn limit space and weight available for the power
supply and actuators. Also unlike the surgical instrument, the actuators themselves play a
major role in the design; both in terms of the weight that they contribute and the loads
that they can support. As such, a balance between actuator weight and capacity had to be
achieved, which ultimately resulted in the actuators contributing to almost 50% of the
robot weight, whereas the robot frame only contributed to 10% of the weight. While this
may not be the case with less constrained robots, it certainly was an issue here. This
application of mobile robotics makes it very clear that actuator weight is one of the major
issues in designing mobile robots and we pursued designs based on under actuation.
Future advances in mobile robot design will be accomplished with further research on
under-actuated mechanisms and development of actuators with higher power to weight

ratios.
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4. Control of a Spherical Robot for Enhanced Mobility

4.1 Motivation

In the previous chapters, the focus was design for dexterity and mobility given constraints
on space, weight, and power. In this chapter, an equally important limitation is addressed
during the design of a mobile robot: control of a robot for maximized mobility given
limited computational ability. Since the wall-climbing robot possesses straightforward
kinematics, computational usage for control and motion planning is not an issue. To
address computational usage directly, a particular system is chosen with substantial
nonlinear constraints that do not readily present a solution. The task at hand is point-to-
point reconfiguration of a spherical robot. Such a robot has highly nonlinear
nonholonomic rolling constraints, and traditional non-linear control techniques are not
applicable. Several techniques have been presented in the literature, but in this chapter
we develop a simpler and less computationally demanding algorithm for controlling the

sphere. We now examine the problem closely.

Traditionally, mobile robots have employed multiple wheels for locomotion and stability.
In contrast, the spherical robot discussed here relies on its outer shell for mobility and
support. The robot, named Spherobot, is shown in a sectional view in Figure 36. Notice
that the robot uses a central body with reciprocating masses supported on radial spokes in
a tetrahedral arrangement. These masses cause the robot to roll when their position and
accelerations impart a reactive moment on the robot body. In this conception, the robot
also provides a retractable camera for reconnaissance purposes and retractable limbs that
provide stability while the camera is in use. Additional end-effectors and sensors can be

incorporated to provide functionality for retrieving specimens or detecting
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Telescopic Limb
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Figure 36. Spherobot Mobile Robot.

chemical/nuclear threats. The sturdy exoskeleton provides protection for the robot in

hostile conditions.

Spherobot is not the first spherical robot to be conceived. To date in the literature, this
honor belongs to (Halme, Schonberg, et al. 1996), whose spherical robot contains a
single-wheeled device that drives around inside the sphere to create a rolling moment by
offsetting the sphere’s center of gravity. A similar concept was soon after exploited by
the Sphericle (Bicchi, Balluchi, et al. 1997), which uses a car driving around inside the
sphere to create the propelling moments. Because of the rolling nature of the
mechanisms used to drive the counterweights, both robots have additional nonholonomic
constraints that limit mobility and complicate control strategies. The reciprocating
masses used in Spherobot can shift their cumulative center of gravity and acceleration in

any direction at any time, which provides superior mobility.

In this chapter, our endeavor is to create simple control strategies for moving Spherobot
to a specified location and orientation. The challenge of this task is created by the non-

slip rolling constraints, referred to as nonholonomic constraints, which prevent direct
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Figure 37. Nonholonomic constraints: parallel parking.
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linear motion to the prescribed final position and orientation. The parallel parking of an
automobile, shown in Figure 37, is a simple example of nonholonomic constraints. The
tires of the automobile prevent the vehicle from moving directly sideways into the
parking space. Rather, the vehicle must steer along a complex curve to reach its parallel
parking space. While rolling Spherobot to its final destination, similar, but more
complicated, constraints are encountered. This subject has even gained a classical name

in the literature: the ball and plate problem.

In recent years, numerous researchers have studied the ball and plate problem. In 1990,
Li and Canny (Li and Canny 1990) considered the problem in the context of rolling
surfaces. They showed that the system was controllable and they also defined a three
step algorithm for completing the task. The first step converges the position coordinates.
The second step converges two of the three orientation coordinates using Lie Bracket
motions, which create a spherical triangle on the surface of the sphere. The last step uses
a circular trajectory to converge the third orientation variable. More recently, Bicchi
(Bicchi, Prattichizzo, et al. 1995) investigated a technique, with limited success, that
applied a series of piecewise independent controls and then integrated the state equations
to solve for the magnitude of each of the pieces. Mukherjee (Mukherjee and Minor 1999;
Mukherjee, Minor, et al. 1999) later presented two algorithms based on spherical
trigonometry and on the geometry created by the motion of the sphere on the plane to

achieve controllability. The later will be discussed further in this chapter. Optimal
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control, in the sense of control effort minimization, of the open loop problem has been

addressed by Jurdjevic (Jurdjevic 1993).

As the parallel parking example points out, direct motion between initial and final
configurations is not likely, and the first question that must be answered is whether a path
exists between the specified orientations. This will be one of the first subjects that are
addressed. A proof of existence of a path requires a mathematical model of the sphere’s
kinematics, which will first be developed in Section 4.2. The existence of a path between
configurations will be discussed in Section 4.3. In section 4.4, other kinematics models
in the literature are reviewed. Then the application of traditional nonholonomic control
techniques are discussed in Section 4.5. We present our motion planner in Section 4.6.
Simulation results are presented in to demonstrate the efficacy of the motion planner in

Section 4.6 .4.
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4.2 Kinematics Model

Consider Spherobot on the x-y plane, shown in Figure 38. The position of the sphere is
determined by the point Q, at the center of the sphere, relative to a globally fixed
Cartesian coordinate system with its origin at point O. It is assumed that the sphere rolls
on the {x, y/ plane without slipping or spinning. Orientation of the sphere is determined
relative to point P on the surface of the sphere. A new Cartesian system {x’, y’} is
established by rotation about the z axis by angle o, —7 < & < &, such that P lies in the x*
z plane directly above the x’ axis. The elevation of point P is described by the angle 6,
0< 6 <7, measured about the y’ axis relative to the z-axis. Control inputs consisting of

angular velocities, @, and @', are aligned with the x’ and y’ axis, respectively. The

position of the sphere is described in the x-y plane by the vector, Roq,
Ry, ={x.»} 4.1

As indicated by Figure 39 the sphere contacts the plane at point R, and the velocity of

YA X ’/ia
ot -1
\\ X
, —

Y - 9>/

R =(rx,ry) X
Side View
O X

Figure 38. Spherobot Coordinate System.

87



point Q relative to the plane can be determined by,

@

. [x) . ®
ROQ={y}=RQR=waRQ={_ ’} 4.2)

where {(x y)€E 912}. The control inputs @, and @, can then be expressed relative to

the x’and y’ axis by the transformation:

w, cosa -sina||w,
=| . , 4.3)
o, sind  cosa ||@,
Applying this transformation to Equation (4.2) yields,
x sina | , [cosa| ,
[]=[ wa+[ ) ]w, 4.4)
y —-cosa sina

State equations for azand @ are derived from the position vector Rgp,
R,, ={sinfcosa sinfcosax cosd}’ 4.5)

Taking the time derivative of the position vector yields the relative velocity vector,

Figure 39. Spherobot Orientation Variables.
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OcosOcos @ — (sin Osin @
={HcosBsin @ — ésin Bcos (4.6)
-Bsin 8

Ry,

Note, however, that these velocities are created by the control inputs @) and @’. The

velocity vector can then be expressed as a function of the control inputs as,

W’ sinacosf+ ) cosacosf
R,y =wx R,, =@/, cosacos @+ &', sin xcosf 4.7)
-/, sin@
Equating terms of Equations (4.6) and (4.7) yields,
6=w), (4.8)
a=-w’cotd 4.9)

where {Oe R'|-r<O<7mO% O} and @ € R'. The input @’ also causes the sphere to

rotate about the axis QP, which results in a change of the orientation variable ¢

determined by,

é) =w) _sirll P =w’ csch (4.10)

Together, the position and orientation variables then form a state model, which

completely describes the sphere rolling on a plane:

x| [ sina | [cosa |

y —-cosa sina

fl=| 0 |w.+| 1 | @10
a —cot@ 0

_¢J | cscO | | 0 |

— ’ ’
=X 0w +X, 0.
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Note that as 8 — 0 or t 7z, three things occur. First, the rate of change of & and ¢

become extremely sensitive to input in the @’, direction. This is demonstrated by,

X,(0=0)=[sina -cosa 0 —oo oo

To maintain boundedness of & and ¢ near this point, control ¥ = @’ must become very

small and actually go to zero at §=0or tx. This could be accomplished by a

coordinate transformation such as,
W, =o sinf 4.12)

Secondly, note that the orientation of @’ is defined by the angle a formed by the
position of point P above the x-y plane, Figure 39. The angle a@ becomes undefined
when =0 since P is directly above, or below, the center of the sphere. As a
mathematical state variable, however, @ will retain its value when 6 =0 as long as
@’ =0. Hence, in a practical application, there is no reason why @’, could not be used
todrive 6 > 0 or £z. In fact, since « is not clearly defined when 8 =0, a@ could just
as conveniently be assigned to a new value that might define a more desirable orientation
of w, and . This point will be exploited in Section 4.6.3 for the definition of a full
reconfiguration motion-planning algorithm. Thus, the limitations of set M will actually

be exploited rather advantageously.

A third consideration, and probably most important, regarding 8 =0 or + 7 must also be
discussed. Consider the point P on the surface of the sphere. Normally, when
6#0or 7, both variables & and @ are required to describe the longitude and latitude
of point P. However, when 8 — 0 or + 7, the point P is at the topmost, or bottommost,
position of the sphere, and & becomes poorly defined. Note, however, that when P is at

these extreme positions & is not necessary for describing the point’s position. Hence, at
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these two extreme locations, the a state variable is unnecessary, and the system could be
reduced to a four state model! This aspect is key in the complete reconfiguration
algorithm discussed in Section 4.6.3 where the point P is brought to the topmost position

during the algorithm.

The sphere’s path curvature on the plane is determined by

_ [xz +)-,2]3

P (1) =t ——;

(45 - yi]

[a)’2+a)’z \ (4.13)
x y

- . . 2
[—a);3 cot 0+ '@, — ', @, - '’ w’, cot 9]

If w’, #0 and @’ =0, then the curvature is infinite which is the case of linear motion in

the x’ direction. Conversely, if @’ #0 and @’ =0, it can be shown that curvilinear
y x y

motion is created, indicated in Figure 38, and is described by,
p=tanf 4.14)

Motion planning strategies presented later exploit these curved and linear paths to derive
methods for converging the sphere to a specified final orientation and position. When
applying such independent controls, the a and ¢ states can be expressed as dependent

functions,
¢=—crsecO (4.15)

and the state model can be reduced for simplicity to,
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X = cosa+w, sina

3 ’ : ’

y =)', sina—-w’ cosx

. ’ (4.16)
0=w),

a=-w’ cotd

where a desired change in ¢ can be determined as a function of & and 8 during the motion

planning stages.

4.3 Reachability of Arbitrary Configurations

Since we assume that no slip is present in the sphere’s motion, the state model of the
sphere is of the form of a drift free system. Reachability of arbitrary configurations of
such a system is determined by first considering a generic drift free system with multiple

inputs of the form,

p =2 uX(p)=uX,(p)+uwX,(p)+..+u,X,(p) (4.17)

Herman and Krener (Halme, Schonberg, et al. 1996; Hermann and Krener 1977) discuss

many valuable concepts regarding controllability of such a system. Ins the context of a

system in the form of Equation (4.17) defined on a set M C R", define A(p,) as the set
of points that are accessible from an initial point, pye M. If A(p,)= M, it is said that

the system is controllable at x,, and if A(p)=M V pe M, it is said that the system is

controllable over the set. Controllability is determined by Hermann and Krener (Halme,
Schonberg, et al. 1996; Hermann and Krener 1977) and elsewhere in the literature using

Chow's Theorem (Chow 1939), with some modifications (Li and Canny 1990).

The theorem begins with a drift free system of the form of Equation (4.17) where
PEMCR =R, U=[u, ... u,Je NCR"=R’. Then, based on the control vectors
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X;, establish the lie distribution V(p). In the case of a two input five state model, we

have,

V(p)=span[X, X, X, X, X]

_9%,

ap 82
X, =[Xx,.X;] (4.18)
X; =[X2’X3]

0X
X, =[X1'X2]=a_p281

If the rank(V( p)) =nVp e M , then the controllability rank condition is satisfied and the

system is weakly controllable over the set M. Loosely speaking, weak controllability
over a set will guarantee that a path exists between points in the set, but that the time
required for completing that path may not be finite. Of course it is also required that the
system (4.17) be well defined over M such that a solution to the differential equations

exists.

Recall from Equation (4.11) that the model of Spherobot is controlled by the vectors

X, =[sina -cosa 0 —cot® csc]

X,=[cosa sina 1 0 0]
where

M=[{x,y,a,0,¢}e915|—n<0<n,0¢0]. (4.19)

Note that M is defined in a way such that X; is bounded over the set and its integral is
well defined. In practicality, however, this restriction does not mean that 6=0or 7
cannot be reached by the system. Clearly the control vector X; permits full control of &,
regardless of its value, but a few subtle points must be considered. First, as pointed out in

Section 4.4, the primary purpose in limiting M is to assure that the state model, in
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particular o, is well defined. This is easily managed by assuring that @, =0 when

6=0or *x, as prescribed in Section 4.4 via Equation (4.12). Secondly, the limitation

that @’ =0 does not necessarily mean that the system can only be steered in a single

direction. Recall that & is not well defined in this situation, implying that it could take
on any value, and hence it can be arbitrarily assigned such that @’ has a desirable
direction. This property is exploited later in the full reconfiguration algorithm, Section
4.6.3, to steer the sphere in a new direction when 8=0. It can thus be argued that the
application of Chow’s theorem, will provide proof of controllability over M, but that set

M will not necessarily be the only controllable region.

Per application of Chow’s Theorem, controllability over M can be proven by examining
the dimension of the lie distribution described by Equation (4.18). First calculate X3 via

the Lie bracket of X, and X>,

X,= [Xl’ Xz]
T (4.20)
= [sin acotd -cosacotd 0 -1-cot’@ cscHcot 6]
then X, is calculated similarly by the Lie bracket of X; and X,
X,=[X,,X,]=[cosa sine& 0 0 0] 4.21)
and then finally Xs,
Xs= [Xz’ Xa]
=[-2sin (1 - cot*6), 2cosar(1+cot’6), (4.22)

0, 2cot&(1+cot*6), —2csc0(l+cot20)]T

Using these vectors, the distribution V is formed:
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sina@ cosa sinacotd cosa -—2sin a(l +cot? 0)-
—-cosa sina -—cosacot@ sina 2cos a‘(l +cot? 0)
v=| 0 1 0 0 0 (4.23)
—cotd 0 —(l+cot’8) 0  2cot§l+cot’6)

cscl 0 cscHcot 0  2cscH1+cot’6) ]

and the determinant of the distribution is,
detV =—-cscé (4.24)

Since (4.24) is well defined and non-zero over M, it is concluded that V maintains full
rank. According to Chow’s theorem, the system is controllable between any prescribed
configurations in M. A similar conclusion follows for the reduced order system described

by Equation (4.16). The Lie distribution for this system is,

sind cosa sinacotf cosa
=[X, X, X, X4]= —cosa sin@ -cosacotf sina 4.25)
0 1 0 0

-cotd O —1-cot’6 0

v

reduced

which has full rank over M, as the determinant indicates:

detV,_, =1 (4.26)

Thus, the reduced order system is also controllable over M. It can be argued further that

the reduced order system can also be used for complete reconfiguration of the system.

Recall Equation (4.15), which demonstrates coupling between @ and ¢ when the system

is subjected to @’, alone:

¢=-asecl (4.15)

Later in this chapter, section 4.6.3, an algorithm will be specified that exploits this

property to drive the system from some random initial configuration to one with =0
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where the value of @ is irrelevant for describing the sphere’s orientation. Since & is
unnecessary for describing this final position, the variable @ can be used with Equation

(4.15) to yield a desired final ¢. Thus, the system can be completely reconfigured via

the reduced order system. Reconfiguration to final positions with 8#0 can be

accommodated via a coordinate transformation in & and ¢ that would place a different

point, say P’, to the topmost position on the sphere.

4.4 Kinematics Models in the Literature

The rolling constraints imposed above are identical to those in the controls literature
referring to the classical ball and plate problem (Bloch and Crouch 1995; Brockett and
Dai 1993; Jurdjevic 1993), and the more general rolling contact of rigid bodies problem
(Bicchi, Prattichizzo, et al. 1995; Li and Canny 1990). In the ball and plate problem,
locomotion is achieved by relative motion of two parallel plates on opposite sides of the
sphere in non-slip contact. The rolling contact problem typically does not discuss
actuation. In the case of Spherobot, locomotion is achieved by positioning internal
masses such that an unbalance is generated, which creates a driving moment and rolling

motion on the plane is achieved.

In these other works, different methods have been used to describe the orientation of the
sphere. As the reader will recall from Section 4.2, the definition of the kinematics model
can yield very beneficial behavior that can be exploited for control design. The
formulation used by Li and Canny (Li and Canny 1990) tracks the contact point between
the surfaces of the sphere and plane in R* and establishes a fifth variable y for contact
angle. Spherical coordinates {u;, v;} and Cartesian coordinates {u,, v,/ determine the
contact point on the surface of the sphere and plane, respectively. Angle ¥ measures the

angle between the x-axis of the spherical and Cartesian systems. This formulation is

96



quite similar to our own, with a few exceptions. Whereas we track the point P, which we

wish to drive to a final orientation, they track the contact point between the sphere and

ground. They also measure the inclination of the point from the x-y plane, where we

measure the inclination from the z-axis. The unit sphere formulation of the kinematics

model is (Li and Canny 1990):

w| [ 0 ] [ -1 ]
v, secu, 0

U, |=|-siny (@, +|-cosy | @,
v, —cosy siny

| |—tanu | 0 |

(4.27)

where, similar to above, the inputs @, and @, are oriented to the moving frame of the

sphere. Similar controllability of this realization is demonstrated by its Lie distribution,

\Y

Li,Canny

0
secy

—cosy

—tan y,

-1 0 0 0

0 secu, tany, 0  -secu(l+2tan’u)
=|-siny -—cosy -sinytany -—cosy 2sinw(l+tan2u1

siny —cosytany siny  2cosy(l+tan’y
0 —(l+tan’y) O 2tan w1+ tan’ i

)
)
).

which has full rank over M =[{ul,vl,u2,v2,y/}e915| -m/2<ul<m/2, —7t<u2<7t]

as demonstrated by the determinant,

det VU.Canny =sec ul

(4.28)

and hence controllability is proven over M. Since M does not cover the complete surface

of the sphere, Li and Canny define a second model, which is supposedly controllable at

the remaining points not contained in M, but this fact has not been able to be confirmed.
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The kinematics formulation of (Bicchi, Prattichizzo, et al. 1995) is fundamentally similar
to the (Li and Canny 1990) model, with the exception that the inputs @, and @, are

relative to the fixed x-y axis, respectively. Such a formulation is,

siny/cosv|w

s. < 8O -
Il

tanvsiny

0
-1

cosy

1
0
cosy /cosv
—-siny

| tanvcosy |

w (4.29)

where {x, y/ is the location of the sphere on the plane, {u, v/ is the location the point on

the surface of the sphere, and vy is the contact angle. This model is then reformulated by

transforming the inputs according to,

to generate the system model,

<. = 'Q <. 8.

|

1
0
sinvy

cosy cosv

—siny cosv

cosvsiny
cosvcosy

cosl/f],
7)

—-siny

—-siny

| —cosy

(4.30)

(4.31)

which, similar to models (2), (4), and (5), permits direct control over the sphere

orientation variables. More importantly, Bicchi (Bicchi, Prattichizzo, et al. 1995) uses

this formulation to solve the state equations analytically given a series of piecewise

independently applied constant controls, @, and @,, which are then solved for

numerically to drive the system to a desired trajectory. These equations are very

computationally intensive to solve and not well suited to real time control.
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4.5 Traditional Nonholonomic Control Techniques

To date, the best understood class of nonholonomic systems is the canonical chained

form. First and second order examples of such systems are, respectively:

X =i
X = U X, = U,
X, =u, and x, =xu
X3 = Xl Xy = Xk
Xyp = Xyl

where u and w, are control inputs. Extensive research in the literature has been

dedicated to controlling systems in this form, and to converting systems to this form for
that very purpose. The method of steering such systems by sinusoidal inputs was studied
initially by Brockett (Brockett 1981) and in more detail by Murray and Sastry (Murray
and Sastry 1993). Steering these systems using piecewise constant inputs was
investigated by Bicchi (Bicchi, Prattichizzo, et al. 1995), Jacob (Jacob 1992), and
Lafferriere (Lafferriere and Sussmann 1991). Exponential feedback stabilization has
been accomplished by Sordalen (Samson 1995) using a non-smooth time varying
feedback law, by Morin (Morin and Samson 1997) using backstepping techniques, and by
Tayebi (Tayebi, Tadjine, et al. 1997) via an invariant manifold approach, to only name a

few.

Feedback techniques for converting noncanonical systems to chained form have been
presented by Murray (Murray and Sastry 1993) and Sordalen (Sordalen 1993). Both use
a constructive proof based on the differential properties of a canonical system to
determine a feedback transformation to convert the system to chained form. Thus, the

techniques prescribe a set of sufficiency conditions that such a function should satisfy as
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guidelines for selecting a transformation. Hence, the process requires intuition and trial

and error, on the behalf of the user.

Fortunately, a test is known for determining if a transformation to chained canonical form

exists (Murray, Zexiang, et al. 1994). This test is based upon the controllability filtration

of the system, I,
I, =span(X,,X,)
I =T, +[F0,F0]
I, =T,+[[,,T}] (4.32)
I =T +[Fk—1’ro]
The growth vector, y , formed by the controllability filtration is,

y =[dim I, dim T, ..., dim I} ] (4.33)

Which is then used to define the relative growth vector, 0. For five-state two-input

systems, the relative growth vector must be of the form,
o=(2111)

for a transformation to chained form to exist (Murray, Zexiang, et al. 1994). For the

sphere, the corresponding growth vector is,
y=[2,3,5, 5] (4.34)
which corresponds to a relative growth vector,

o =(2120)
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Clearly, the system cannot be converted to chained form and the aforementioned

techniques are not applicable.

4.6 Simple Geometric Motion Planning

In this section we define geometric algorithms that exploit independent actuation of w’,

and @/, for establishing a path between initial and final configurations. These control

actions are defined as,

a) o, =0and @), #0

b) w,#0, w,=0,and 6#0,17.

Control action (a) results in linear motion along the x’ axis and varies 8. Define point F,
as shown in Figure 40, as the point along the x’ axis where the sphere stops when 6§ — 0.

Note that control action (b) causes the sphere to travel along a curve orthogonal to the x

axis with radius p as determined by Equation (4.14), repeated here for convenience,
p=tanf

As 6 — 0, note that the radius of curvature approaches zero, but that as § —» +7/2, the
curvature becomes infinite, which corresponds to linear motion. Control action (a) is
used to modulate the radius of the path, since 8= @’ . This moves point C along the x’
axis. When control action (b) is applied, the sphere then travels along the curved path, as
indicated in Figure 40. Note that during action (b) the variation of & and ¢ are dependent
on @ (see Equation (4.11)), but that @ is constant. Since @ is unchanged the distance CF
remains constant, and F travels in a circular path concentric with the paths of the points Q

and P.
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4.6.1 Partial Reconfiguration Algorithm

These properties will now be exploited to design an algorithm for moving the sphere to a
specified point with a desired orientation. For simplicity, let that point be the origin of
the coordinate system and let the orientation be such that 6 =0. Reconfiguration with
the final values of @ and ¢ also considered will be discussed in the next section.
Alternate final positions, and values of @, can be accomplished by coordinate

transformations.

The steps of the algorithm are now defined with reference to Figure 40. Assume the

sphere is in the initial position {x, y, @, ,}with fixed point F and pivot point C as
indicated in Figure 40. The partial reconfiguration the steps are as follows:
1. Define the unique circle passing through the points O and F, and with its center on

the line CF at point C’. Assuming that the sphere is initially at point Q with
6=26,. Apply control action (a) to drive 6 > 8 and C— C’.

Figure 40. Partial Reconfiguration of the sphere.
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2. Apply control action (b) such that the sphere travels along the circle and F — O,
Q' —>Q",and P> P”.

3. Apply control action (a) such that 8 > 0, Q” — O, and P” returns to its topmost
position. This completes the reconfiguration maneuver.

Several calculations must be completed prior to executing this procedure. The equation

of the circle passing through points O =(0,0) and

F=(x.,y;)=(x,—0cosa, y, —Osina)

must be determined. The center of the circle, C’ =(a,b), lies along the line with slope &

passing through point (x,, y, ), which is defined by,

b=atana, +(y, —xptana,) = (a—x; )tana, + y, (4.35)
Equating the distances OC’ and C'F, we have
a*+b’=(a-x.) +(b-y;) (4.36)
Equations (4.35) and (4.36) are then solved for a,

2 2
g= X " Y +2x.y tana, 4.38)
2(x; + ytana,)

and then Equation (4.35) is used to solve for b. The angle &', 0<@ <7z/2, is then

determined from,

tan@ - @ =va* +b* (4.39)

The angle of segment CO, corresponding to the final angle &, of the x” axis, is,

=)
a, = arctan| —
—-a
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4.6.2 Simulation of Partial Reconfiguration Algorithm

Simulation of the partial reconfiguration process will now be demonstrated. Let the

sphere the sphere begin at the initial condition:

[x y @ 8 ¢;} ={433 250 /3 =ni6 O}
The final conditions are required to be,

{x y 6}={0o 0 o}

where @ and @are allowed to vary freely. Figure 41 shows the reconfiguration process

viewed from directly above and Figure 42 shows the variables as functions of time.

The sphere starts at point Q with the camera opening at point P and the point q on the

equatorial circle orthogonal to QP. The fixed point, F, is determined to be
F =(x;,y;)=(407, 205). Point C, the center of the concentric paths traveled by

points Q and P, is calculated via sequential application of Equations (4.38) and then

1 1 1 1

-
-3 -2 -1 0 1 2 3 4 5 6

Figure 41. Partial reconfiguration simulation: top view.
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(4.35) to be C=(a, b)=(271,-31). Angle &, which defines the radius of the

concentric paths about point C, is calculated via Equation (4.39) to be 8’ =133 =761°.

During Step 1 of the partial reorientation process, the sphere rolls in the «, direction, via

control action (a), until & =133 as indicated in Figure 42. Control action (b) is then
applied during Step 2 point F reaches point O (Figure 41), which occurs when
a=a, =303=173° (Figure 42). At this location, the center of the sphere is 1.33units
away from the final point O. Application of control action (a), Step 3, completes the
process by driving 6 >0, Q— O, and ¢”—¢”. Notice that coincidentally the

reorientation of point q is A@; =27, which means that point q maintains the same

orientation in the x-y plane.

Step 1 ! Step 2 J' Step 3
— T T T T T T T I T T
| :
X0 : k : !
S vy
| |
5 1 1 ' 1 1 1 1 1 T 1 1
0 50 100
4 L T 4 T T T T T : T T
| |
| |
o 1 1 1 + + 1 1
0 50 | 100
T T

<
|
B
a
1

0 50 | 100
L} T T T T T T ] T T
- 1
a 2 | . ./‘—i ’ |
+ _ |
0 i 1 Il 1 e i 1 11 n 1
0 [ 50 ! 100
T T T T T T T L T T
: k : I
-5 . b : L R | a
¢ N 1
-10 1 1 i 1 1 1 1 1 | 1 1
0 10 20 | 30 40 50 60 70 ! 80 100
<«——Step 1 e — Step 2 e Step 3 >
Time,sec

Figure 42. Partial reconfiguration simulation: chart view.
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4.6.3 Complete Reconfiguration Algorithm

The previous algorithm can be modified to also move the angle ¢, defined in Figure 39,

to a specified final value as well as x, y, and 8. This modified algorithm will drive
6 — 0 when the sphere reaches its final position and the point P to its topmost position
on the sphere. At this location, P is directly above the center of the sphere and a

becomes undefined. Hence, ¢ is not mentioned as a specified output of this algorithm.

The variable ¢, however, defines the location of a point g on the equatororial circle of

the sphere perpendicular to line QP. Thus, specification of ¢ is actually required to

complete the description of the sphere’s final orientation. The variable & does play a

role in defining the algorithm for complete reconfiguration since & and ¢ are coupled by

Control Action (b), as indicated by Equation (4.15), shown below for convenience.
¢=—dsecd (4.15)

Recall that control action (b) does not affect 8, but actually causes the sphere to travel on

the x-y plane along a curved path with radius p=tanf. While traveling this path,

control action (b) integrates the value of a if 8+# tx/2 and results in a net change of

denoted as Ac. Equation (4.15) can then be reduced to,
Ap=-Aasec&d (4.40)

where & is the value @ of while control action (b) is applied. This relationship indicates

that a desired A¢ can be accomplished by an appropriate selection of & and Ac. First
recall, however, that ¢ is defined relative to the x’ axis, as indicated in Figure 39, which

rotates by Aa during this algorithm. If we define A¢, as the change in ¢ relative to the

globally fixed x-y coordinate frame resulting from the orientation process, we then have:

Ap; = Aa(1-sec@) (4.41)
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The complete reconfiguration algorithm will now be defined so as to provide a basis for
discussing Equations (4.40) and (4.41) further. Referring to Figure 43 and Figure 44, let
the initial and final values of the states (x, y, 6, o, @) be (xo, Yo, 80, 00, @,) and (0, 0, 0, 0,
@, ), respectively.

1. The sphere starts at the initial position (xo, yo) with point P oriented by 6, and
@, , which also defines the x” axis. Apply control action (a) to make 6 — 0,
which takes P to its topmost position and the center of the sphere from
(%0s Yo) = F = (xz, y¢) = (x, — Oy cos ey, y, — Oysina,).

2. Since « is undefined when =0, & can be specified such that sphere will roll in
anew direction @’ when control action (a) is applied. Apply control action (a)
such that 6 — @ and Q — Q’, P— P’ and C — C’. Note that this step defines
a unique circle passing through points O and F with its center at C’. Variables o’
and &, which determine the location of C’, and hence the circle, are calculated
in part by either Equations (4.40) or (4.41), such that Aa =2’ - a, and

Ap=9,—¢, will be satisfied.

Side View

Figure 43. Complete reconfiguration process, top view.
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3. Apply control action (b) to drive F — O along the circular segment designed in
the previous step. Note that Q° and P’ travel along concentric segments such

that 0’ > Q", P> P’,a’—> a,,and ¢, — ¢,. Note that ¢ and & have
converged to their final values!

4. Now apply control action (a) to drive & — 0 which brings Q” — 0 and hence
(x,y)—(0,0). Note that control action (a) neither affects @ or ¢, and complete
reconfiguration is complete.

The reconfiguration algorithm hinges on the calculation of the circle created during step

2. Since points F and O are pre-determined, the circle is dependent on the coordinates of

C’=(a,b), which are calculated based on the choice of Aa=a,-a’ and & which
create a desired A¢. The angle Aa is traversed by the robot during step 3 when

F — O . By inspection of Figure 43 and the application of trigonometry, the locations of

points O, C’, and F reveal,

|1 ’x2+ 2
Aasa,—a’=2arcsm[5 anTZ;] (4.42)

This equation can be expressed as a function of & . To do this, recall that the radius of

the circular path through O and F is expressed as p=tan@ . Inspection of Figure 43

then yields the following expression since the sphere has unit radius:

p=C'Q=tan@ =va*+b* +& (4.43)

Figure 44. Complete reconfiguration process, perspective view.
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Terms in @ are then moved to the right hand side to provide,

tan@ - & =Ja* + b’ (4.44)

Substituting this expression into the denominator of Equation (4.42) reveals,

2 + 2
Aa=2 arcsin(— MJ (4.45)

2(tan@ - @)

which can then be substituted into Equation (4.41) to solve numerically for & given a

desired Ag,;:

2 2
Ap, =2 arcsin[———wy’))(l —secd) (4.46)

2(tan@ - &

The calculated @ is then substituted back into (4.41) to determine Aa. Based on the

angle of line OF, we can then determine @, and a’ according to the following

relationships that can be confirmed by inspection of the geometric properties of Figure

43,
o = arctan(ﬁ) I _Ac 4.47)
x.) 2 2
a, = arctan(-yi)+£ A2 (4.48)
x:) 2 2

While not necessary for the algorithm, the location of C’ = (a,b) can be determined by

considering the line passing through O with slope «,

b=atana, (4.49)
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The center of the circular path lies on the segments OC’ and FC’, and their lengths can be

equated to show,

2

a*+b* = (x;, —a)’ +(y; - b)’ (4.50)

which is then used in conjunction with Equation (4.49) to solve for a and b,

2 2
Xe + Y

2(xF+yF tanaf) @30

a=

2, .2
Xr+ Yr

b= 2(x,. + e tana,)

tancx, (4.52)

4.6.4 Simulation of Complete Reconfiguration Algorithm

Simulation of the full reconfiguration algorithm will now be demonstrated. For
comparison purposes, let the initial conditions be identical to those used in the simulation

of the partial reconfiguration algorithm. That is, let the initial conditions be:

x y a 6 ¢} ={433 250 z/3 =/6 0O}

The final conditions will also be similar, with the exception that ¢, is also specified:

[x vy 6 ¢, ={0 0 0 157}

As in the previous example, point Q represents the initial position of the sphere, and
points P and g are used to orient the sphere’s surface, as shown in Figure 45. During
Step 1, control action (a) is applied and the sphere rolls such that Q - F and P— F,
which corresponds to 8 — 0 as shown in Figure 46. Since P is directly above the center
of the sphere, the angle « is poorly defined. A new angle @’ =190=109° is then
determined by Equation (4.47) such that a net Aa =0.266 =15.3° is achieved during Step
2, as illustrated by Figure 45 and Figure 46. The desired A« is calculated by Equation
(4.45), which is based on a desired & =152 =869° as calculated by Equation (4.46) to
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achieve the initially specified A@; = -37/2=-270°. Recall that A@; measures the net

rotation of the point q in the equatorial plane L to line QP when QP is aligned with the
z-axis. Hence, specification of Ag, is equivalent to specifying the position of point g on

the equator of the sphere.

As Figure 45 and Figure 46 indicate, step 2 results in a, =217=124°, via Equation
(4.48), and Q'—> Q”, P"— P”, and ¢'—q”. Angle a, is also used to calculate the
center of the concentric paths, C =(9.68,-1417) via Equations (2.9) and (2.8). Step 3
rolls the sphere such that Q” —» O, P”— 0, ¢” — q"”, and thus (x,y,6)— (0, 0, 0).
Note that point q has rotated a net of Ag; =37 /2 =-270° between point F with g, and

point O with ¢””. Hence, complete reconfiguration has been completed, and by only

using a few simple initial calculations.

5 T T 1 LS T T T L
4l .
3 -
> 2 o

f
1 L \ i
o -
: \\ e ‘note: C=(9.68,-14.17) not shown

-1 1 ] ey o 1 ] 1 ] ]

-3 2 -1 0 1 2 3 4 5 6

X
Figure 45. Complete reconfiguration simulation: top view.
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Figure 46. Complete reconfiguration simulation: chart view.

4.6.5 Reachability of All orientations

In Section 4.3, Chow’s theorem was applied to the system model to prove that a path
exists between any initial and final configurations of the sphere. The question that
remains is whether the complete reconfiguration algorithm presented in 4.6.3 is capable
of this. Based on the partial reconfiguration algorithm, it is obvious that the sphere can

be brought to the point O with the point P at the topmost position. In that example, the

result was (x, y,6) — (0,0,0). Full reconfiguration is accomplished when the point q also

moves to a specified final location on the equator of the sphere. The ability to place point
q is determined by the achievable Ag, calculated by Equation (4.41) from Section 4.6.3

for the sphere traveling in a Counter-Clock-Wise (CW) path along the arc:
Ag; = Aa(1-sec®) (4.41)

This equation indicates that the achievable Ag,; are dependent upon Aa and & . As

indicated in Figure 47, the range of A that can be attained is dependent on whether the

112



center of the path is above or below OF. If the center of the path is below the line, as
indicated by point C,, the range of A is 0°< Aa <180°. The lower limit of Aa =0°

occurs when the radius of the path is infinite and 8 =90°. This corresponds to the

minimum A@; achieved, A@; =-r , shown in Figure 48, where r is the length of OF

determined by,

r= ,/xi + yf, (4.53)

The upper limit of Aa =180° occurs when the point is at the midpoint of OF. As the

center of the path moves above the line OF, as indicated by Path 3 with center C; in

S Centers of path circles
\. " lie on this line

Figure 47. Paths of point F as A2 varies.from Error! Objects cannot be created from
editing field codes. to Error! Objects cannot be created from editing field codes..
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Figure 47, the range of Aa increases to include 180°< A <360°. Again, the lower
limit of Aa =180° occurs when the center of the path is at the midpoint of OF. The
upper limit of Aa =360° occurs as radius of the path becomes infinite. This case is
impractical because the sphere is traveling along a circle with infinite radius away from
the point O. Theoretically, it would need to travel an infinite distance to the right until it

returns back to point O from the left side of Figure 47.

The net reorientation Ag; of the sphere that occurs as a result of 0°< Aa <360° can be

determined numerically by Equation (4.46), calculated previously:

o6n

4r

/
r=1.0
r=0.5

\

-2n -7 0 T 2n
c a A a b
Figure 48. Net sphere re-orientation A%s as a function of Error! Objects cannot be

created from editing field codes. for Error! Objects cannot be created from editing
field codes. and r = 0.25, 0.5, 1.0, 2.0, 5.0, 10.0.
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2 2
Ag; = 2arcsin[—‘@)(l —sec) (4.46)

2(tan @’ - &)

The results of this equation are shown in Figure 48 for locations of point F with r = 0.25,

0.5, 1.0, 2.0, 5.0, and 10. As indicated above, the smallest reorientation A@; of the

sphere is determined by A¢; =-r, and as Aa — 360° then Ag; — —=. The converse

of these ranges holds true when the sphere travels in the opposite Clock-Wise direction

along the circular paths. An example of this path is indicated in Figure 50, and the

reorientation A@; in this case is determined by

, 2 2
Ag; = [—27[ +2 arcsin[zx'r—*-yF)J](l —secf) (4.54)

(tan@ - &

The reorientation A@; results as determined by Equation (2.1) for the sphere traveling

Figure 50. Counter Clock-Wise (CCW) and alternate Clock-Wise (CW) and paths for
complete reconfiguration.

115



along the CW paths are also shown in Figure 48 for —360°< Aa <0°.

It is indicated by Figure 48 that complete reorientation of A@; can be achieved by
selecting different values of Aa, regardless of the distance of the sphere, r, from its final
destination. For example, Figure 48 illustrates that for r = 2, a range 47 <A@, <27
can be achieved by selecting a < Aa <b. Thus, the actual range of Ag; is offset by 41

such that the net reorientation is 0 < A@; <2z . Similar conclusions can be made for the

sphere traveling in the CW paths.

4.7 Other Comments

In this chapter, the spherical mobile robot, Spherobot was considered. Spherobot
encounters computational constraints that are caused by its nonlinear nonholonomic
rolling constraints. These constraints are such that traditional control techniques do not
apply, and techniques proposed in the literature are not adequate for efficient control. To
resolve this problem, a unique moving coordinate system is defined on the sphere. This
causes the robot to follow linear and curvilinear paths on the plane while each control
input is driven independently. The properties of these paths are then examined more
closely and used to derive intuitive geometric motion planning strategies for moving the
sphere to a prescribed location and orientation on the plane. The benefit of these
strategies is their simplicity and limited calculations required, which suits them especially

to real-time implementation.
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5. Concluding Remarks

Design and control of constrained robotics systems for enhanced dexterity and mobility
has been examined via three case studies. In the first, the design of surgical mechanism
for improved dexterity and reachability in MIS was examined. This system is
constrained in size and in allowable motion by a port on the patient abdomen. The design
achieves a delicate balance between load capacity, dexterous workspace, and DOF using
an optimized geared linkage with tendon actuation. The resulting mechanism, which can
be coupled to form a robotic or manual instrument, provides forceps at the tip of a
linkage capable of bidirectional 180° articulation. The forceps are provided with
unlimited rotation, actuation, and the capability to support a 4.5N load at the tip of a Icm

suture needle.

The second system considered is a miniature climbing robot for urban reconnaissance.
Space constraints are also important for this system, as it must maneuver ventilation ducts
and the exterior of buildings while minimizing detection. The resulting robot, which is
the smallest of its kind, also satisfies mobility requirements and weight limitations using
an innovative under actuated revolute hip biped structure. The system is capable of
walking, climbing surfaces with any angle, traversing between surfaces with various

inclinations, and moving between specified locations.

In the third case study, a spherical mobile robot for reconnaissance is examined. The
robot provides excellent mobility, since it can roll in any direction, but control of the
robot is complicated by its nonlinear nonholonomic motion constraints. The sphere

reorientation problem represents a fundamental motion control dilemma that is not solved
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via traditional approaches, which are more complicated and computationally intense. We
achieve efficient point-to-point motion planning with a desired reorientation using an
intuitive geometric motion planner. The motion planner is based upon a unique
coordinate system defined on the sphere such that independent actuation of the control
inputs causes the sphere to travel along intuitive linear and curved paths. Straightforward
and efficient geometric planning techniques are then used to achieve point-to-point
motion and desired reorientation of the sphere. Thus, superior mobility of the sphere can

be achieved with very minimal computation.

In each of these state-of-the-art systems, innovative design and control strategies are key
for providing enhanced dexterity and mobility. Each system has provides unique
constraints in space, power, weight, and computational limitations that could not be
solved using traditional methods. As robotics applications continue to expand,
innovative solutions, such as those presented here, will be crucial to successful system

realization.
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Figure 52. Exploded view of DALSA surgical mechanism (sheet 2).

130



|DIjUSPlU0Y

Yo spun = 0l /035

86—Gl—G 3100 Joutl uoN :Ag

¢ vsva foig| ¢ wod| ¢ s

(uoud) 1039 oasg :bmq

buuasuibuy |poluDYdap
Ausianuf )0)s "uobiyaip

ALV Y04 G3AON3Y S3INM N3AAH S
¢000°0F = 00000
100'0F = 0000
L0'0F = 000
“0314193dS ION JI SIONWYIT0L ¥
0l -Y38ANN ALITVND WNOV
HI33L NOINId 0L ‘H1331 ¥v39 Ol
89¢0° = HLOM 30VJ
JIONV 14VHS .06
JIONV JANSSIYd .0C
HOlld V13AVIQ +9
-31308d ¥v30 13A38 LHOWHLS ‘€
09-GS 3y ‘SSINQYVH ‘T
T331S SSIINIVIS 000Z¥S SNN “TVIMILVA °L
-S310N

f— 43 81’0 ———|

~— 434 Qd €9G1'¢ —
SEl'e

6¥00
1SL00 KD
[ svxow

*I 0Lo’

|

334 680°

/v\nco. , ,/
wv% N + St _
\K /V Y-V NOILO3S
.06

Figure 53. DALSA Component: Bevel Gear Pinion (sheet 3).

131



|DIjUSpRUOY

- - ALRIVIO 304 G3AON3Y S3NM N3QAH 'S
YU syun I = 0l 94033 Z000°0F = 00000
86—02—-G :9 JOUIN SHON : 100°0¥ = 0000
..oo - .5 10°0F = 000

gvsva fod| ¥ .tca_ ¥ WS ‘0314103dS ION 4t SIONWY3I0L ¥
(409b) su039 janeg :bmq 0l “Y38ANN ALIVND WWOV

HL33L NOINId 0L ‘HL33L ¥V39 0!
buliaauibuy |polubydap 890" = HLOM 30V3

Aysiaaiuf) 8)0}g "uobiyoip ﬂuzdo%u:m_mwuw 26

HOld TVi13Ava +9
J1408d dV30 13A38 IHOWUIS €
CS—-8Y Y SSINQUVH T
1331S SSTINVLS 000Z+S SNN IVI¥3LVA |
‘S310N

V-V NOI1O3S

~— 434 ¥l

~— 434 860—

SeL'e ¢ .m..,\/
434 81’ - - V\/

43y c% \\
UL T, N

— = JNHD St X 0L0

~

8l

Figure 54. DALSA Component: Bevel Gear (sheet 4).
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Figure 55. DALSA Component: Forceps (sheet 5).
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Figure 57. DALSA Component: Base Link (sheet 7).
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Figure 58. DALSA Component: Drive Shaft (sheet 8).
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Figure 59. DALSA Component: Tip Link (sheet 9).
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Figure 60. DALSA Component: Tip Retainer Plate (sheet 10).
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Figure 61. DALSA Component: drive link (sheet 11).
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Figure 62. DALSA Component: Idler Pulley (sheet 12).
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Figure 63. DALSA component: driveshaft retaining plate (sheet 13).
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Figure 64. DALSA Component: Spur Gear 64DP, 16 Teeth (sheet 14).
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Figure 65. DALSA Component: Pin (sheet 15).
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Figure 66. DALSA Componenent: Alignment Pin (sheet 16).




|DRRUSPIIUCY

you] spun | = G a0

86—-11-9 :epQ Joui op :Ag

I IEITEDS

yun 6oug :6mg

buuaaulbug |paIUDYIBN
Aysianun 310} “uobiydip

ALRIVIO 404 Q3AOW3Y S3NIT N3QAIH 3WOS S
¢000°0¥ = 00000
100°0F = 0000
10'0F = 000
“0314103dS ION JI SIONWY¥II0L ¥
(3¥I1S30 3 NOILYNOISIQ HSYINOVE VWOV
¢l YIENNN ALIVND VINOV
NMOHS SV HI33L 9
Y313AVId HOLld 00SZ°0
19NV 3YNSSId .SZ
HOLId TVLIWVIa 8%
30404d ¥V3I0 '€
ZS—8Y Y ‘SSINGYVH T
1331S SSTINIVLIS £00FS SNN “IVIHILVW 1
‘S3IO0N

[ Iy
il

6£0'9

%

334 ¥90°

NMOHS SY Quv .081
NYHL INHD S¥ X 6€0°

43 6%

dAL 6660'-£660'9

B+

IN3D 081" —
00Z'¢ —

Figure 67. DALSA Component: Drag Link (sheet 17).
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Figure 68. DALSA Component: Swivel (sheet 18).
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Figure 69. DALSA Component: Spur Gear 64DP, 12 Tooth (sheet 19).
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Figure 70. DALSA Component: Spur Gear 64DP, 16 Tooth, .075ID (sheet 20).

148



|DRUSPIUO]

Yo spun 1=G :9/035
86-91-9 :3)0Q JoulN oM :Ag SLO |
1'e vsva foid [ £z wod| 1z s 6£0°0 43 _ o
mop sda0104 :6mg 0z0° \\ 6c0y , | 09 dAL S¥
Buliaauibuy |0o1UDYdSH _\ A I ~860° R /ﬂ.omV\f |
Aysiaauf) 810} WODIOIN | TEFFESTFRT g1 i {
] | — (D - | _ 138 |
(Y b 650" A | 1419
| _ \A F\ 860 -
2000'0F = 0000°0 :
1000 = 0000 610 — dAL 820
100F = 000 80%"
:0314193dS 10N 41 SIONVTIOL 2
1331 SSTINNLS 000Z#S SNN “TVINALYN °| da so' ¥a [01'18] £+0'¢
'S31ON

3QIS 311SOdd0
dvl OGNV 30 SZ'—ANNOO’L

149

ﬁlbm Z\S
_Houo. |
F

)

(1]
1
&

J
\
at

IN30
8L’ 43y
860°d

dd6ll” 4NN 08-0

L80°—

i

Figure 71. DALSA Component: Forceps Jaw (sheet 21).
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Figure 72. DALSA Component: Tip Retainer Spacer (sheet 22).
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Figure 73. DALSA Component: Drive Shaft Spacer (sheet 23).
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Figure 74. DALSA Component: Bevel Gear Spacer (sheet 24).
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Figure 75. DALSA Component: Drive Shaft Extension (sheet 25).
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Figure 76. DALSA Component: Drive Shaft Coupler (sheet 26).

154



Appendix B

Climbing Robot Design Drawings
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Figure 77. Exploded View of the RAMRI1 climbing robot.
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Figure 78. RAMR1 Component: Differential Housing
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Figure 79. RAMRI1 Component: Bracket for Foot #1.
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Figure 80. RAMRI1 Component: Bracket for Motor #1.
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Figure 81. RAMRI1 Component: Link #3.
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Figure 82. RAMRI1 Component: Link #5
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Figure 83. RAMR1 Component: Link 4 Bracket for Motors #2 and #3.
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Figure 84. RAMRI1 Component: Link 4 Motor Bracket Coupling Plate
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Figure 85. RAMR1 Component: Pin for Joint #3.
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Figure 86. RAMR1 Component: Pin for Joint #4.
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Figure 87. RAMR1 Component: Link 3 Support Strut.
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Figure 88. RAMR1 Component
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Figure 89. RAMRI1 Component: Early SRF Suction Block Design.
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Figure 90. RAMR1 Component: Modified Worm.
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