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A new type of mechanism has been designed to move an output point through a motion akin to a
swimmer's breast-stroke. The mechanism is designed to clear loose debris from around small mobile
search and rescue robots. However, it has potential applications in many other domains that require con-
trollable cyclic motion. This paper describes the mechanism concept and presents mathematical analysis
of its design parameters. The properties of the mechanism were examined to understand how the mech-
anism trajectory can be altered mid-cycle whilst maintaining the condition of continually rotating
motors. Furthermore, equations to calculate the mechanism torque ratio were derived. The analysis
reveals limitations in the trajectory variations that can be implemented whilst maintaining the condition
of continually rotating motors. The mechanism was manufactured to validate the mathematical predic-
tions. It was found that the predicted torque ratios are within 90% of the experimentally obtained torque
output. The mechanism was controlled using proportional-derivative control (PD) and demonstrated to
track several desired trajectories without reversing the direction of motor travel, with tracking error less

than +4 mm.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Urban search and rescue (USAR) robotics is becoming an
increasingly popular research area due to the relatively expendable
nature of machines when compared to human or canine searchers.
Following a disaster, the majority of human survivors will be in
open spaces for rapid extraction by rescue personnel. The greatest
challenge for rescue robotics is to penetrate deep within collapsed
buildings to search for survivors. Within the debris pile, space is
limited and secondary collapse is a real danger to rescuers.

USAR robots deployed into debris piles can easily become over-
whelmed by loose debris that accumulates around the robot and
restricts motion [1]. Two approaches have been proposed to over-
come the problems encountered by loose debris: (i) the design of
slender, flexible and dexterous robots (ii) use of manipulators to
clear a path.

Snake robots have the potential to wriggle through debris and
therefore reach difficult to access areas. Several impressive proto-
type snake designs have been created [2,3], however snake robot
locomotion is complex to create/control and slow (using current
technology). It is possible to combine the robustness and speed
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of tracked robots with some of the dexterity of snake robots [4].
Prof. Hirose’s impressive work implemented multiple track mod-
ules combined together by active movement of one module rela-
tive to another. However, the combination of these two features
results in a system too bulky wriggle through a densely cluttered
environment.

Many USAR robots are designed to include a manipulator; for
example Foster-Miller’s Talon robot, Matilda, MARV, Pacbot and
Telemax. However, the loose debris in a search and rescue environ-
ment presents a significant challenge for conventional pick and
place robotic technology; a manipulator would have to be operator
controlled or use image processing to pick and place every piece of
debris. The time taken for each pick and place operation would
preclude deployment of the system.

In this work it is proposed that a mechanism can be designed
that will use mechanical properties to remove loose debris and
therefore negate the need for external sensors (such as cameras
and image processing techniques) and highly dexterous robot
manipulators.

Mechanisms are considered largely obsolete for many modern
robotic applications due to the availability of high-power-to-weight
actuators and digital motor control. However, there are still niche
areas where mechanism development is the key to the systems
success - these include robotic surgery, prosthetic hands and pas-
sive suspension systems.
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Nomenclature

ab suffix to denote four bar mechanism a or b

A rocker rotation point

B output tip

F output force at point B normal to line AB (Newtons)
e extension profile variable

] joint

Ly...Lg¢ mechanism link lengths (mm)

L four-bar mechanism dynamic link length (mm)

L radial distance AB (mm)

M drive motors

qa phase difference between the two rockers (radians)
R sweep angle (radians)

r global mechanism rotation angle (radians)

1) rotation of four bar a with respect to b (radians)
Xy co-ordinate positions of point B (mm)

W, largest workspace radius

w; smallest workspace radius

O2min, O2max Minimum and maximum output angle (radians)
04 input crank angle (radians)

0 output rocker angle (radians)

03, 04 four-bar mechanism angles (radians)

06,07 angles used in inverse kinematics (radians)

0s angle between L5a and L5b radians

Oxrange  movement range of the rocker (radians)

Oin(a)y Oout(ay four bar angles to calculate force output (radians)
T1, T2 crank torque and rocker torque respectively (N/m)

Robotic systems have revolutionised surgery by allowing oper-
ations to be conducted through small openings, causing less trau-
ma and likelihood of infection. The application of laparoscopic
devices through small ports is aided by mechanisms that can spec-
ify a limited range of output motion to protect the patient from
damage should problems in control occur [5]. Moreover, the mech-
anisms can allow remote placement of actuators thus allowing eas-
ier sterilization of the links and passive pivot points [6]. Intricate
motion and multiple degrees of freedom can be achieved within
a patient’s body by using a laparoscopic device of slender cross-
section with mechanisms that allow remote (body-external) actu-
ation. Actuation forces can be transmitted through the instrument
by gears [7], cables [8] or pulley/cable arrangements as used within
the da Vinci EndoWrist system [9].

Mechanism development can be pivotal in providing dexterous
manipulation capabilities. The use of mechanisms in robotic grip-
pers allows large contact forces to be applied via remotely located
actuators that are too large and obstructive to be contained ‘at-site’
[10]. Use of remote actuation in the Robonaut hand has enabled
the creation of a device which has the proportions and partial dex-
terity of the human hand [11].

Mechanism design has been very successful in passive suspen-
sion systems. For instance, stringent weight and reliability require-
ments on Mars missions have resulted in rover suspension systems
to be designed as passive in operation [12]. Mechanisms can also
be used to locate actuators remotely at a fixed base, thus allowing
the mechanism to be potentially very light-weight. This can be
used for accurate tip-position with less potential for causing dam-
age to the external environment when compared to heavier mech-
anisms [13]. Moreover, the mechanism properties can be used to
create complex output trajectories from linear motions of the driv-
ing actuators [14].

Four-bar linkage systems are a common method of generating
oscillatory motion from constant rotation input. These have the
advantages of creating complex motion from simple constant rota-
tion and allowing actuators to be positioned away from the moving
parts of the system. A simple 5 bar linkage has been used to create
a robot to pick fruit [15]. This demonstrated improved dynamic
performance over conventional serial link manipulators due to re-
mote centre of operation. Zhixing et al. [16] present a method for
designing the lengths of a four bar mechanism and developed soft-
ware to automate the process. These properties can also be ana-
lysed through an algebraic approach [17].

The novel servo controlled mechanism discussed in this paper
creates output trajectories from two remotely positioned motors
rotating in one direction only. The mechanism is capable of a com-
bined circumferential forward/backward motion (sweep) and ra-
dial extension/retraction motion.

The robot concept is illustrated in Fig. 1. Two external manipu-
lators protrude from the robot body to manipulate external debris
[18].

The end effectors are required to move small, loose debris from
the front of the robot to the side through the use of two indepen-
dent arms. Therefore, there is a requirement for each arm to move
through the motion as illustrated in Fig. 2. This motion is based
around biological inspiration of the European mole as discussed
in previous work [19]. The motion can be split into discrete stages
with sweep used to describe the circumferential motion. It is
important that the motion can be varied between cycles or even
during a cycle depending upon the current external conditions.

The research objective of this work is to create a mechanism
that can move an output tip through cyclic motions as indicated
in Fig. 2, whilst satisfying the following criteria: (i) the exten-
sion/retraction can be altered during the motion (ii) the actuators
are located away from the mechanical links and output tip (remote
centre of operation) to protect them from damage in harsh envi-
ronments and allow the actuators to remain in a fixed position rel-
ative to the body, (iii) the actuators continually move in the same
direction to minimise backlash effects in the motor and achieve
better efficiency (motors are far more efficient running in a single
direction within velocity bounds) (iv) Force requirement: The
mechanism should minimise scaling of the input torque from the
motors with respect to the output torque.

The rest of the paper is organised as follows. Section 2 describes
the conceptual design and mechanism theory including analysis of

LIGHT AND CAMERA

HIGH FORCE OUTPUT
DEXTEROUS MANIPULATORS
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Fig. 1. Robot concept.
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Fig. 2. Biologically inspired digging trajectory showing digging stages.

the mechanism parameter selection and output torque. Section 3
considers the dimensional analysis including describing the exper-
imental hardware measurement of the mechanism torque ratio
and trajectory tracking performance. Section 4 discusses the key
points of the work and finally Section 5 draws conclusions.

2. Conceptual design and mechanism theory

There are many mechanisms described in the literature that
produce complex movement from continuous rotation, for exam-
ple: [20] Swing-arm quick return mechanisms that use a constant
input rotation to produce a linear motion with different speeds for
extension and retraction; geared 5 bar mechanisms that use a com-
bination of multiple links and gears around the crank; and treadle
drive mechanisms that are used for moving sewing needles and
driving grinding wheels. However, these mechanisms often require
sliders or gears close to the output tip which is very undesirable in
harsh environments. Furthermore, they move a tip through a pre-
defined path that cannot be deviated from during motion.

In a robotic context, the simplest method of implementing a
motion that can vary the extension or retraction is to use a conven-
tional two-jointed servo controlled robot arm. This approach re-
quires the actuators to continually change direction and be
exposed to harsh conditions. It is possible to use additional
mechanical links to mount the actuators at the base of the joint
[21], however the motors are still required to continually change
direction which is wasteful of energy and places extra wear on
the motors, joints and structure.

It is possible to add a servo controlled prismatic joint (linear
extending) to the cyclic motion of a conventional mechanism.
However prismatic joints provide small amounts of strain (typi-
cally around 60%), and they are notoriously vulnerable to damage
from dust, dirt and side loads.

A combination of two four bar mechanisms is proposed to pro-
duce the required output motion. Consider the Grashof crank-rock-
er four-bar mechanism [20] shown in Fig. 3a. A continuous rotation
of link 1 (L;) around joint J, (the crank) results in link 2 rocking
backwards and forwards around joint J4 (the rocker). The relative
lengths of the links determine the type of four bar mechanism,;
for a crank-rocker configuration the lengths must meet the follow-
ing criteria (L; + Ly < L, + L3).

A second four-bar mechanism is combined with the first to have
a coincident joint J4, but to be rotated from the first four-bar by an
angle r, (Fig. 4). Note that from now on the subscript (a) is used to
identify parameters on the first four-bar linkage and the subscript

g -
2max_, =

AN

-
Hme -~
B

Fig. 3. Four-bar mechanism in (a) positive and (b) negative positions.

(b) for the second four-bar linkage. When subscripts are not used,
the variable refers to parameters on both four-bar linkages. The
motors M, and M, apply input torque to rotate the joints (Joq and
Jap) respectively. Joint J. remains at a distance L, from joint J; but
the end of the L, is now extended to the overall length Ls on both
mechanisms. The output of both four-bar mechanisms are com-
bined through two additional links Lg, and Lg, connected to joints
of 1inks Lsq, Lsp at Jea, Jeb- Lea and Lgp are joined at joint Jr. The crank
angles (014 and 0;p) and rocker angles (0,, and 0,5,) are measured
with respect to a line along link Ls, and L3, respectively. The whole
mechanism is rotated by an angle (r;) to align its extension with
the horizontal plane (this has no effect on the mechanism, only
altering its orientation). The Motors rotate in the opposite direction
to the measured angle to use positive four-bar link configurations
while performing the sweep action (maximum extension); this re-
sults in a torque ratio close to one during the motion.

Fig. 5 illustrates the mechanism output at key points: Fig. 5a
shows the tip at maximum extension, with line AB in the horizon-
tal position (facing forward). The two rockers are aligned and the
twin four-bar are in positive configurations to provide the greatest
output torque. This is the start of the sweep phase. In Fig. 5b the
rockers have remained aligned and the line AB is now in the verti-
cal direction. Four-bar b is at the point where the rocker reverses
its direction. The rocker of four-bar a will continue in the same
direction. This is the start of the retract phase. In Fig. 5c the rockers
are now at maximum separation. Four-bar mechanism a is now at
the point of reversing the rocker direction, whilst the rocker of
four-bar b continues in the same direction. This is the start of the
return phase. In Fig. 5d the mechanism is now retracted and the
AB is aligned with the horizontal plane. Four-bar b is at the point
of reversing its rocker, while the rocker of four-bar a will continue
in the same direction. This is the start of the extend phase.

2.1. Mechanism parameter selection

The motion shown in Fig. 5 is achieved by maintaining a con-
stant phase difference between the rocker angles (0,, and 0,;) dur-
ing mechanism activation. The variable g, is used to represent the
phase difference. Note that g, is the magnitude of the angle differ-
ence as the subtraction of angles become negative due to the rock-
er backward and forward motion and the sign convention.

qq = |02p — Oz (1)
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Four-bar b

Four-bar a
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Fig. 4. The mechanism configuration and parameters.

(a) Start of sweep phase (b) B Start of retract phase

Start of return phase Start of extension phase

Fig. 5. Link positions for workspace key points.
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The value of qq is not obvious from the figures - the rockers can
be overlapped and also at their maximum separation for the same
value of qg. This is due to the measurement of the rocker angles rel-
ative to the orientation of each four-bar and not a global reference
point. To achieve a constant phase difference each four-bar needs
to be servo controlled at the input crank to regulate velocity, whilst
maintaining the same direction of motion.

The mechanism is designed to have a workspace at the output
tip as shown in Fig. 4. The variables that define this workspace
are the outer radius (w,), the inner radius (w;) and the angular
sweep (R).

When Ls, and Lsp, and Lg, and Lg, overlap the tip (B) is on the
outer radius. Therefore,

Wo=1Ls+Lg (2)

It is desirable that Ls does not protrude into the workspace for
ease of manufacture and dirt shielding (Ls < w;). Conversely, it is
desirable that the link Ls is as large as possible to maximise the
extension change for a given change in relative rocker position.
Therefore, here Ls =w; and Lg = Wo—Ww;;

The maximum required separation of the links Ls, and Lsp, (05max)
can be calculated so that the output tip lies along the w; line at this
maximum separation (Fig. 6). At the maximum separation, the fol-
lowing relationship can be obtained from trigonometry (Fig. 6).

. L
Ls Sin(0s max/4) = 76 3)
Therefore, 0smax can be calculated by rearranging Eq. (3).
o P | LG
05 max = 4 - sin (2 -L5> (4)

The four-bar b is rotated around the point A, relative to four-bar
A, by 13 = 05max/2 to remove the requirement for links Ls, and Lsp, to
cross during motion. This makes the mechanical construction and
control more straightforward.

One of the key features of the mechanism is the required range
of 0, for each four-bar. Considering the motion shown in Fig. 5, the
range of angle 6, is required to be greater than R at the extremes of
motion. If Omin and 0ymax are the minimum and maximum values
of four-bar rocker motion, then the following is true (the rocker
can move 0smax/2 past the horizontal or vertical line of the
workspace)

0
R + 5;3)( = 02max - 02min = 02range (5)

Therefore, the four-bars must be designed have a movement
range of 6,range for the mechanism to be capable of the required
workspace. It is desirable for 0zrange to be as large as possible to

Fig. 6. Calculating link L6 length.

create the largest output workspace, but in practice there is a
trade-off between sweep angle and the mechanical advantage;
poor design will cause stalling of the system (a torque reduction
so great that friction or load affects prevent motion).

A large rocker angle range occurs when links L; and L, are sim-
ilar lengths as are links L3 and L4 whilst adhering to the Grashof cri-
teria. If operating close to the Grashof criteria threshold, it is
important to include margin of error to account for link length tol-
erances, looseness in the joints and any deflection in the links. It is
also important to design a mechanism with transmission angle
(the angle between links L, and L4) as close to 90° over the cycle
to maximise the transmission of force. There are many formal opti-
misation techniques available in the literature to assist in the de-
sign of four-bars. In this case the techniques developed by
Columbia University were used to identify appropriate link length
proportions [20]. The technique uses the rocker angle and corre-
sponding crank input angle to identify equations that can be solved
through numerical iteration. Once the ratio of link lengths are been
obtained they are scaled by one link of known physical desired
length (this is normally the crank).

It is interesting to examine the properties of the overall mech-
anism. Based upon the assumptions above, rearranging Eqs. (2)
and (5) and substituting for 0smax in Eq. (5) results in the following
relationship between the ratio of Ls/Ls and the sweep angle (R):

Ls 1
L_ a 1 2-(02range —R)
6 2-sin (%)

If R is increased, the ratio of Ls/Lg must reduce, resulting in the
profiles shown in Fig. 7. There is a clear trade-off between these
parameters, with small increases in sweep angle R beyond original
design, drastically reducing the workspace width (w,-w;).

(6)

2.2. Output torque

The mechanism torque output is a function of the torque cre-
ated by the twin four-bars and the kinematic configuration of links
Ls and Lg. The configuration of each four-bar alters the amount of
the torque transmitted from the crank to the rocker (Fig. 8). Con-
sidering four-bar mechanism (a), the torque applied by link L, is
resolved to a force (F;) along link Ly, at an angle of i) and then
resolved normal to link Ly, through an angle 0qyy(q) at point J.. The
force (F,) applied to joint J., results in a torque around point J; on
Ly,. The link 2 torque is the transmitted torque from the four-bar.

180

Increased R

Reduced Ls/Lg
140 b—iemmev o A8

120

100 |-

80

60

y displacement (mm)

AR

V)

i AALN ' .
20 =t oy JEW

IR i
;|‘| | L}
I L 1

i i H
-40 -20 0 20 40 60 80 100 120 140 160 180
x displacement (mm)

Fig. 7. Sweep vs. extension range.
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Fig. 8. Calculating the transmitted torque.

Eqgs. (7) and (8) find the relevant input and output angles and Eq.
(9) gives the torque output. The same equations can be used for
four-bar (b) using the relevant subscript.

T L, sin 04,
Oinga) = 3 sin <7L4u ) (7)
T
Hout(a) = j - ein(a) - 94(1 (8)
L
Toa = L—: - T14 €08 (0in(a)) - COS(Oout(a)) (9)

Eq. (9) reveals the torque on the rocker for a given torque at the
crank. The ratio Ly, to Li, fundamentally limits the torque that can
be transmitted and the angles 6iyq) and O,u(q) determine how the
output torque varies dependant on the four bar configuration.

Eq. (9) can be rearranged to find the torque ratio (output torque
divided by input torque) for each four-bar.

0 _ Lo o) - cOS(Oou) (10
Tia Lla

Therefore, for the mechanism to have a torque ratio close to
unity, the links L, and L,, must be similar lengths and the angles
Oin(a) & Oour(py Must be close to zero (Lsyg normal to Ly and Lyg).

For the overall mechanism (Fig. 4), the torques from the four-
bars are combined into a force at point B over the length L”.
Eq. (11) defines the mechanism torque ratio (the output torque
divided by the input torque). The equations that define the mech-
anism and force under quasi-static conditions are given by
Egs. (12) and (13):

T+ 7T L Ly
22020 220 08 (Binga)) - COS(Oout(a)) + 22 - €OS(Binh))- COS (outs))

Tia + T1p - Liq Laa

(11)
F=L"- (T + T2p) 12
where
"= \/(LSa sin(qq/2)%) - L3, (13)

Note that the inverse of the velocity profile is often considered
to be the torque output [22]. However, this method calculates the
output torque required to stop the input crank and therefore,
incorrectly predicts the torque that the rocker can apply (including
predicting infinite values of output torque for some angles of crank
input).

2.3. Alteration of movement trajectory

The mechanism is intended to operate at its full retracted/ex-
tended range for normal operation. However, there will be situa-
tions where the extend range will need to be reduced during
motion (for example, to avoid immovable objects). The trajectory

can be altered by using a different phase difference (i.e. altering
qq). Fig. 9 illustrates the workspace for several values. As the phase
difference is reduced the trajectory becomes longer and thinner
until at zero phase difference the workspace is reduced to a line.
Fig. 4 illustrates the mechanism in the zero phase difference pose
(zero phase difference means the four-bars have the same pose rel-
ative to their rotation).

Conventional servo control of the cranks enables the tip to
move through any profile trajectory. With reference to Fig. 4, the
kinematics of mechanism from point A to B can be likened to a
standard 2 degree-of-freedom planar manipulator (considering
links Ls, and Lgp as links of the planar manipulator) and as such
the standard inverse kinematics solution can be applied as shown
in Eq. (14) [23]. In this case the (b) suffix mechanism is used, how-
ever either (a) and (b) could be used to obtain the inverse kinemat-
ics, if the correct arctan2 solution is used.

X 4y* - Lgb - Léb
0g = arcos [ ——=——=>—> 14
° < 2 - Lsp - Lep (14)
0; = arctan 2(y, x) — arctan 2 (L), Sin 0, Ls, + Lg, COS 0g) (15)

From these angles, the necessary rocker angles 6, and 0, can be
calculated as shown in Egs. (16) and (17).

02b:n—r1—r2—06 (16)

As 0g and 0, are known, L” can be calculated from the cosine rule:

L= 12+ 12— 2 Lsy - Ly - cOS(T — 0)

= \/Léb +Léb +2 'L5b . LGb . COS(97) (]7)
Using the sine rule:
.1 Leb -sinL”
= — 1
05 = sin ( 0, ) (18)
Therefore,
Org=T—11— 05— 05 (19)

To find respective crank angle, first the length L’ is calculated for
each four-bar (a or b subscript is dropped here for clarity).

140
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Fig. 9. Trajectory ellipses for varying motor phase values.
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U= \B+12-2-1,-L;-cos0y (20)

L' is then used to find the angles:

65 = arcsin (l%/neﬁ (21)
2 2 2

04 = arccos (%ﬂhl““) (22)

0 =7+ (03 + 04) (23)

Notice here the use of the + symbol to represent the two possible
crank positions.

It is desirable that the cranks do not reverse direction; therefore
implementation of movement profiles requires careful consider-
ation. At any given pose the most severe manoeuvre (short of
reversing) is to stop the movement of one motor while the other
continues. For example, consider the poses illustrated in Fig. 4
for anti-clockwise trajectory with motor (b) stationary, while mo-
tor (a) in motion. The tip (B) would then move in an arc around the
current position of joint J, at a radius of Lgp.

Consider the anti-clockwise profiles through the workspace
illustrated in Fig. 10. Trajectories 2 and 4 cannot be implemented
without changing a motor direction (the ratio of sweep motion
to extend/retract motion is too low). Trajectories 1 and 3 are valid,
with a sufficiently high ratio of sweep motion to extend/retract
motion. Note trajectory 3 follows a path of radius Lg for awhile, this
implies one motor has stopped moving.

The edges of motion (at zero horizontal or vertical coordinates)
are a special case due to the fact that one rocker has reversed direc-
tion allowing for the horizontal or vertical motion without revers-
ing the crank direction. However, problems can be encountered at
these regions if the original workspace is deviated from. The rocker
has to travel to its minimum/maximum position to reverse direc-
tion, placing further restrictions on valid motions.

If the phase difference is altered in the extend/retract phase
then is it possible to overcome these issues. At the commencement
of the extend phase (when the first rocker reaches its minimum
value) a variable e is introduced to scale the phase difference
(Eq. (24))

140 ! ! ‘ : | !
I i : i = === Original trajectory

. | T iRequires crank to
\L' = mEEireyverse direction

100

80 booemmeneel

v displacement (1mm)

40

1)) ERI— |

b
i
Wi
0 20 40 60 ~ 80 100 120 140

x displacement (mm)

Fig. 10. Valid trajectory paths.

O =0y —€-qy4 (24)

Varying the value of e within the range [1-0] results in a curved
response during the extension or retraction part of the sequence.
As e is decreased the extend/retraction stage becomes curved
and finishes at new angles and extensions (Fig. 11). Therefore, it
is possible to vary extension, whilst maintaining the retracted
length. Fig. 12 illustrates two trajectories with reduced extension
range and Fig. 13 illustrates the kinematic configuration at these
regions.
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Fig. 11. Altered extension profiles.
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Fig. 12. Blended trajectory.
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Fig. 13. Modified workspace and mechanism configuration for blended motion.

It should be noted that if the cranks are allowed to reverse
direction, then any movement profile is possible. This maybe use-
ful in unusual circumstances, such as when the arm is caught on an
immovable object.

2.4. Velocity planning

The mechanism global velocity profile can be directly specified
as an x and y demand position against time and controlled through
the motion of the cranks. The movement profile can be specified as
the tip having constant magnitude of velocity, constant angular
velocity during the sweep and return stages of motion or any com-
bination of profiles. The limit to maximum velocity is dependant
upon the input motor torque and the sampling time of the digital

Centre of
arm
rotation

Output
workspace

controller. In this application, constant angular velocity was se-
lected for the sweep and return stages of motion. The global veloc-
ity during the blended motion segments is a result of constant
crank rotation, but could be specified to have specific global veloc-
ities, if required.

3. Dimensional analysis

Link length values were selected for the experimentally con-
structed sweep-extend mechanism using the analysis of Section
2. The desired workspace parameters were w; =75 mm, w, =60
mm with a sweep angle of R = 90°. Therefore, lengths Ls =75 mm
and Lg = 60 mm. The minimum (0mi,) and maximum (0max) Out-
put rocker angle of the four bar linkages can be calculated to be
26.26° and 164.35° respectively resulting in an output rocker range
(O2range) of 137.09°. The physical size of the motors/gearboxes and
space for the mechanism to operate, resulted in a crank length
(L;)=25mm and the fixed length (L3)=52 mm. The remaining
lengths were then calculated as using the four-bar design process
[20] resulting in L = 27 mm, Ly = 52 mm. These lengths are sub-
optimal but provide the correct movement range and acceptable
performance (as described in Section 3.2).

3.1. Experimental hardware

Fig. 14 shows the final experimental system constructed using
two arms actuated by sweep-extend mechanisms. The shaded area
illustrates the output workspace that a single arm can move
through. Each constituent four-bar mechanism is driven by a pair
of Maxon A-max 32 mm diameter 15 W DC motors through both
a Maxon 66.2:1 32 mm diameter Planetary Gearbox and an Ond-
rives E20 1:1 Crossed Axis Helical Gearbox (to change the axis of
rotation). Connected to the motors are Maxon HEDL 5540 3 channel
optical encoders used for position measurement along with contin-
uous rotation potentiometers to set the initial angular position. All
other mechanical hardware components were designed and cus-
tom made for the application. Each arm also contains a ‘blade’
mounted on linear slides. The linear slides guide the blade to lie

Right angled gearbox

Linear slides

Fig. 14. Mechanism on fixed base.
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along the L” line so that normal forces can be applied - this is a spe-
cific addition for this robot application and does not affect the
sweep-extend mechanism. A Measurement Computing PCI-
QUADO4 4 channel quadrature encoder board is used to read the
signals from the optical encoders. As well as this an Eagle Technol-
ogy PCI-766-16 16 analogue output board and PCI-730-E 16
analogue input board are utilised. These boards are interfaced with
National Instruments Labview 7.1 to allow control to be
implemented.

3.2. Mechanism torque output

At any given point within the mechanism workspace the tip x
and y coordinates are known. Inverse kinematics can be performed
on the tip coordinates to find rocker angles (024, 025) [Eqs. (14)-
(23)]. The mechanism torque ratio can then be found for this these
specific coordinates [Eq. (11)]. This process can be repeated for
coordinates across the mechanism workspace resulting in torque
ration graphs (Figs. 15 and 16).

The torque ratio graphs illustrate that greater torques can be
produced in the positive four-bar mechanism mode (Fig. 3a) than
in the negative (Fig. 3b), however both modes have torque ratio’s
no greater than 1 and no smaller than 0.3, with the lower ratios
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Lo 1) SE— SRR SENIS ral g J; ......... .i .......... E— ] 0.3
02
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x displacement (mm)

Fig. 15. Torque ratio (negative four-bar mechanism positions).

v displacement (mm)

0 20 40 60 80 100 120 14
x displacement (mm)

Fig. 16. Torque ratio (positive four-bar mechanism positions).

at the corners. It is important to ensure that high torque load re-
gions occur where the four-bar mechanism are operating in the po-
sitive position. The low torque ratio operation mode should be
reserved for low load regions. For this application the high torque
section is designed to be when moving debris from the front of the
robot to the side and the low torque section is the no load return
stroke action.

3.2.1. Experimentally measured output torque

Experiments were performed to determine the torque ratio of
the physical mechanism to validate the equations and determine
the effect of friction in gearboxes and joints.

The mechanism was configured to have positive four-bar mech-
anism kinematics. Experimental blocked force readings were ob-
tained by placing a force sensor at point B normal to the tip
motion. Both motors were then actuated at their maximum voltage
(12 V) and the output force measured. The experiment was re-
peated three times and each time the mechanism was released
and reset to the initial position. The measured points are shown
in Table 1 as the average measured experimental force. The corre-
sponding x, y and reach (L") are also presented in the table. Fig. 16
illustrates the positions where the measurements were taken (as
indicated by numbered stars). The length (L") is used to convert
the measured force to the mechanism output torque. Each motor
can generate a 95.9 mNm of stall torque and through a gearbox ra-
tio of 66.2:1 an ideal torque of 6.35 Nm can be generated. The com-
bined maximum torque output from the both motors is 12.7 Nm,
however the maximum gearbox efficiency is rated at 70% reducing
this to 8.89 Nm.

The results of the torque experiments (as presented in Table 1)
illustrate that the theory predicts the mechanism output torque
with 90%, or greater, accuracy. It is interesting to note that some
of the experiments show a greater torque output than predicted.
This implies that the stated efficiency of the gearbox is greater than
the 70% quoted in the manufacturer literature and the friction
within the mechanism joints is minimal; the joints all have double
bearings and exhibit little friction.

3.3. Experimental trajectory tracking

A PD controller with gains of k, = 20 and k4 = 5 was used to con-
trol the motion of the cranks to produce the desired trajectories.
The measurement of the rotation of the motor link shafts were
used to infer the positions of all the links. This approach is subject
to measurement errors as a result of backlash effects and looseness
in the joints. However, this provides a practical method of measur-
ing the system behaviour without mounting sensors on exposed
moving parts. Indeed, any slight errors that result could be com-
pensated for by improved gearing and bearing arrangements. For
this specific application tracking accuracy within +4 mm was
deemed acceptable.

3.3.1. Tracking the original trajectory

The original trajectory (covering the perimeter of the work-
space) was implemented on the experimental system (Fig. 17).
The trajectory is accurately tracked to within the desired toler-
ances. Around the extend and retract phases of motion there is
the largest deviation from the desired trajectory - this is to be ex-
pected as joint friction effects are at their highest due to all joints
of the mechanism moving. Also, the rocker arms are moving to-
wards each other increasing the likelihood of the two PD control-
lers interacting (errors in the motion of one, interfere with the
performance of the other).

Fig. 18 illustrates the tracking of a trajectory with reduced
extension. The tracking of this trajectory is within the desired tol-
erance and is an improvement over the original trajectory shown
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Table 1
Predicted and experimental output force for positive four-bar angles.

Point x(m) y(m) (L") Average exp. force (N) (three

Actual output torque

Theoretical mechanism Ideal output torque Accuracy abs

(m) readings) (Nm) torque ratio (Nm) (%)
1 0 0.135 0.135 51.25 7.8 0.80 7.1 91
2 0.095 0.095 0.135 54.85 7.95 0.95 8.4 91
3 0.122 0.057 0.135 56.85 8.24 0.95 8.4 98
4 0 0.085 0.085 87.4 7.4 0.78 6.9 93
5 0.6 0.6 0.085 94.01 7.99 0.95 8.4 95
6 0.31 0.87 0.085 101.65 8.6 0.95 8.4 97
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Fig. 17. Experimental tracking of original trajectory.
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Fig. 18. Experimental tracking of trajectory with reduced extension.

in Fig. 18 due to the corner blending algorithm requiring less se-
vere changes in extension and retraction. Labels 1-6 indicate
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Fig. 19. Angular velocity of crank.

stages of motion shown in Fig. 20. Fig. 19 illustrates the velocity
tracking of the motors during the motion of Fig. 18. The velocity
is accurately tracked with acceptable oscillation at transient parts
of the motion. Fig. 20 shows the tip velocity in x and y co-ordinate
axis. The curved nature of the sweep and return phases of motion
(labels 1 and 4 in Fig. 18) are clearly shown in Fig. 20. The return
phase (4) has a lower linear x and y velocity when compared to
the sweep phase (1) due to a smaller radial distance and the
requirement for constant angular velocity in both phases. Curve
segments 2 and 3 illustrate the constant velocity interpolation
and blended motion by varying e respectively. Curve segments 5
and 6 are reflections of segments 2 and 3. Overall, the velocities
are tracked well with minimal tip oscillation.

Fig. 21 illustrates the control signal for the trajectory shown in
Fig. 19. At a time of 0, 4, 8 and 12 s the trajectory is at the corners of
motion where the rocker link changes direction and the torque ra-
tio is at its lowest. A small constant voltage is required to overcome
friction. The control signal occasionally goes below 0V to deceler-
ate the crank, not to reverse its direction. Finally, Fig. 22 illustrates
experimental tracking of a trajectory with greatly reduced exten-
sion within required tolerances.

4. Discussion

To fully understand the mechanism’s advantages it is useful to
contrast the mechanism with that of a conventional two link pla-
nar manipulator. This design would require a second motor to be
mounted on a moving link, hence wasting energy to accelerate
and decelerate the motor mass. Furthermore, the actuators would
have to constantly change direction to implement a desired x, y co-
ordinate. This constant changing direction results in wear on the
bearings, electrical inefficiency, and increased tracking errors due
to backlash effects. Therefore, there are clear advantages of the
sweep-extend mechanism. The work has also demonstrated that
the mechanism is practically feasible to create and control. This
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Fig. 21. Experimental control signals.

may seem a trivial point, however it would be easy to mechanically
design a mechanism that was not feasible to construct, or its
behaviour was so non-linear that it was difficult to control.

The drawbacks of the mechanism are an increased number of
links, resulting in the requirement of larger operational space
and increased friction effects. Furthermore, closed-loop feedback
control of both input cranks is required to maintain any motion;
if appropriate phase differences between the rockers are not main-
tained, the mechanism may jam.

In spite of the drawbacks, the mechanism is a feasible method
of creating controllable elliptical motions that would otherwise
be difficult to produce. The electric motors used in this implemen-
tation allow forward and reverse operations. However, the poten-
tial operation of the mechanism from actuators operating in a
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Fig. 22. Experimental tracking of significantly reduced extension.

single direction allows the use of unconventional actuators that
are only capable of generating torque in a single direction.

5. Conclusions

A new type of mechanism has been designed to move an output
point through a motion akin to a swimmer’s breast-stroke. The
analysis presented here demonstrates the mechanism is capable
of a wide variety of motions. Crucially, the mechanism can be suc-
cessfully physically constructed and operates as predicted by the

motions. Mechatronics (2011), doi:10.1016/j.mechatronics.2011.03.002

Please cite this article in press as: Richardson RC et al. The sweep-extend mechanism: A 10-bar mechanism to perform biologically inspired burrowing



http://dx.doi.org/10.1016/j.mechatronics.2011.03.002

12 R.C. Richardson et al./ Mechatronics xxx (2011) XXx—xxx

theory. Experimental tracking of desired trajectories is obtained
within the desired +4 mm threshold and the force output was
within 90% of that predicted by the theory.

The analysis has highlighted some limitations in the available
motions that can be implemented, whilst maintaining the move-
ment of motor in one direction only; the most significant is a lim-
itation on the amount of change in extend/retract direction for a
given circumferential motion.

The mechanism can be used for applications where accurate
control of a cyclic point motion with a movement profile similar
to a swimmers breast-stroke is required. This motion has many po-
tential application areas including burrowing robots, swimming
robots, rope climbing robots and walking robots.
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