Lifting Mechanism for Payload Transport
by Collaborative Mobile Robots
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Abstract This paper reviews lifting mechanisms and provides a description of a
new lifting system that could be fixed on a mobile robot frame. The resulting
collaborative mobile robots would be able to transport an object of any shape by
lifting it above their transporting platform using the proposed system while keeping
a stable formation in order to successfully achieve the task.
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1 Introduction

Many industrial tasks (vehicle and construction machine, product manufacturing...)
and commercial activities (freight charging, parcel transport) require automated
load lifting systems. Industries for which we are interested to develop a robotic
system for material lifting and transport are one of the sectors where modern
innovative technologies allow to gain better adaptability and productivity.
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Our goal in the C*Bots project (Collaborative Cross and Carry Mobile Robots) is
to design several mobile robots with a simple mechanical architecture, called m-
bots, that will be able to autonomously co-manipulate and transport objects of any
shape by connecting together. The resulting poly-robot system, called p-bot, will be
able to solve the so-called removal-man-task [13] to transport any object on the top
platform of m-bots (dorsal transport). Reconfiguring the p-bot by adjusting the
number of m-bots allows to manipulate heavy objects with any shape, particularly if
they are wider than a single m-bot. This particular variant of the C*Bots project will
be called C*Bots DGP (Dorsal General Payload transport).

Until now some industrials and constructions still use dedicated equipments that
request a long time to be installed. In some cases, manipulated parts are lifted
manually to a required altitude. Manual Material Handling (MMH) [15, 21, 22]
uses different techniques for object lifting in a safe and efficient way but can cause
Repetitive Strain Injuries (RSI).

Diverse mechanisms and technologies are used for objects lifting and trans-
portation. Some transport solutions require heavy infrastructure such as Automated
Guided Vehicles (AGV) (e.g. ground landmarks, guiding rails) or specific stacking
racks for storage as for Automated Storage and Retrieval System (ASRS). Human
assistance could also be needed to put the object on the transporting platform (e.g.
scissor [5]). Forklifts [24] use forks to lift and transport the object but they require
the positioning of the object on a pallet. Grabbing systems limit the manipulated
payload size and shape. According to the previous mentioned systems, one can
conclude that for a better stability, an object should be better transported on the
robot body [3, 4] or as close as possible to the robot body, to keep the gravity center
above the polygon of support and ensure a bigger stability margin.

There are many patented mechanisms for lifting applications with various
structures and architectures. In [10], a lifting mechanism for an articulated bed is
described. It is based on two parallel arms, hinged to the chassis and the bed plane,
which forms an articulated parallelogram with one extendable arm through two
segments and equilibrating elastic means. Herrera [11] presents another articulated
lifting mechanism comprising a set of arms forming the sides of two rhomboid
polygons to lift objects in a vertical direction parallel to the chassis. In [20], the well
known lifting jack mechanism, used to lift a vehicle, is presented. Another inno-
vative design [9] is used for a vehicle lifting mechanism using a Y shaped chassis
based on a lever, a hydraulic actuator and an articulated support arm. Other example
for object lifting and transport is the hand-truck with an innovative design using
wheels and a vertical lifter sub assembly [19]. Eppert [7] presents a monitoring
payload system for a load lifting vehicle based on a lifting arm and hydraulic
actuators. In [8] a lifting mechanism that could be mounted on the rear of truck is
described. A mechanism for patient lifting and transport is designed in [23]. Charlec
[5] presents a lifting system for metallic parts in construction sites based on a
scissor linkage system with metallic bars and a mechanism ensuring the lift up and
down movement.

Many robotic systems used for objects manipulation and transportation can be
found in literature: [1, 3, 6, 14, 16—18, 25]. The proposed design in this paper is
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characterized by: the simplicity of mechanical architecture comparing to the sys-
tems presented in [3, 25]; the use of a modular swarm of elementary robots [2, 17];
the adaptability to objects of any shape and mass and the ability to provide a fully
autonomous system, without human mediation, contrary for example to robotic
system proposed in [1, 14].

This overview about lifting mechanisms and manipulation strategies allows to
design an innovative robotic system equipped with a lifting mechanism dedicated to
payload co-manipulation and transportation. This paper is organized as follows. In
Sect. 2 the specification of C* Bots project is briefly presented. Section 3 details the
developed lifting mechanism structure, provides the dimension analysis and pre-
sents the first prototype. Finally, Sect. 4 presents the conclusion and future works.

2 C*Bots Paradigm

2.1 Specification

The C’Bots project aims to design identical m-bots equipped with a manipulator.
Together they will be able to lift, co-manipulate and transport a payload which has
to be laid on the top platform of each m-bot. Consequently, in addition to an end-
effector, the m-bot manipulator has to include a lifting mechanism. For simplicity
reasons, the end-effector is considered here to be a rigid contact plate in order to fit
variable payload contact surfaces. This paper will focus exclusively on the archi-
tecture of the lifting mechanism that has to comply with the following requirements
R;: Ri-payload is lifted by several m-bots with unknown number and pose; R;-
collision-free payload trajectory from the ground to the top of robot platform with
constant orientation; R3-mountable mechanism on each m-bot; R4-a free steering
mobility for each m-bot during payload transport. According to this set of
requirements, the global co-manipulation methodology will be described and a
suitable kinematic structure will be deduced.

2.2 Co-manipulation Method

The proposed co-manipulation and prehension methodology was described in [12].
Figure 1 presents different steps from object detection phase to transport phase.
First, m-bots have to locate the object and surround it using distance sensors and
turn on themselves so the end-effector faces the object (Fig. 1a). In a second phase,
the m-bots collectively hold the object between their end-effectors and exert a
collective pressure to hold it using wheel propulsion (Fig. 1b). Submitted to col-
lective pressure and to the proposed co-lifting manipulation, the object is elevated
and laid on the m-bots top platform (Fig. 1c). Finally, locomotion and transport is
performed where m-bot number m must have a specific steering angle 6,, to ensure
a unique Instantaneous Center of Rotation (ICR) of the p-bot (Fig. 1d).
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Fig. 1 Co-manipulation method: a Target reaching; b Object holding; ¢ Object set on robot
bodies; d Object transport: a unique Instantaneous Center of Rotation (ICR) requires different
steering angles 0,,

2.3 Pre-dimensioning the Lifting Capacity

A m-bot # m, with a mass M, could apply on the payload a pushing force f,, 1,
which generates a lifting force f,,,,, (Fig. 2) counting on wheel propulsion. The
contact point Cy,; (Wheel/ground) is characterized by a friction coefficient p,. The
maximal lifting force for the m-bot # m can be written as:

fm,p,t = ,upfm,p,n = .upfm,g.t = Hp (:ugfm.g,n) =Ky (/"‘gMg) (1)
Minax
The maximal total lifting force is f,,, = Z Jops = Muaxth, (1, Mg) (2)
m=1
M : friction coefficient with ground ietl,.om,..m,} - m-bot number,

g Jj€{p,g}:contact location payload/ground

,up : friction coefficient with payload Jee{n,t} :normal, tangential

r 3
z fm,p,[ o) fm+1,p,t -
m A “Zm+1

G, X
fm,g,n X Cm,p(lup) Cm+1,p(:up) m+1 m+1,g,n

\ / . anl,gLﬁ//
Cm,g(lug)/le,g,l [Cm+l,g(lu8) /

Fig. 2 Payload lifting by two m-bots
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With the simplifying assumption y, = u, = 0.5 = f,,; = M'"jf““g. One can con-
clude that to increase the p-bot lifting capacity f, ;, the total number #1,,, of m-bots,
their mass M or the friction coefficients y, and p, have to be increased.

3 Designing a Lifting Mechanism

3.1 Structural Synthesis

The various requirements R; will influence directly the kinematics structure. R; and
R4 can be satisfied by supporting the lifting mechanism on a turret. As a conse-
quence, a revolute joint with z axis will support the mechanism (Fig. 1b, c¢). R;
defines the initial and final poses P; and P, of the lower point P of the end-effector
that holds the object (Fig. 4). The latter will keep its orientation constant during the
lifting motion. The trajectory must start with a vertical lifting motion (+z,) and
finishes with a backward horizontal motion (—x,,) towards the m-bot platform
(Fig. 3a). R, implies not to start the horizontal motion too early in order to avoid
collision with the m-bot platform. Different trajectories are allowed (Fig. 3a) among
which the square and the circular motions are the most obvious. A square trajectory
could be achieved using two orthogonal prismatic joints (Fig. 3b) and two actua-
tors. A circular trajectory would lead to a simpler solution using only one actuated
revolute joint. However, to keep the payload orientation along the circular trajec-
tory, a parallelogram mechanism is preferred (Fig. 3c) while keeping the control

(a) i- ------- <|’:-:\ -- - : Payload (b) (C)
: —
G, Pc_)ssi 1§
tra]ectrrles

ti%End»effector
®

4— Revolute joint

Fig. 3 Elementary lifting systems: a Payload initial and final position; b 2 DOF solution; ¢ 1 DOF
solution based on parallelogram mechanism; d Binding graph; e 3D CAD view
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simplicity with a single actuator. The proposed mechanism will be fixed on the top
of a unicycle mobile platform.

3.2 Structural Analysis

The proposed lifting mechanism is described in Fig. 3. Part 1 is a base to be fixed
on the mobile platform. Part 2 is a turntable connected to 1 via a revolute joint
(zm axis) which allows the robot frame to steer freely when the payload lays on
surface S, on the top of 2. Two identical parallelogram mechanisms are mounted on
2. Each one is composed of a lower bar 3, two long bars 4 and an end-effector
support 5, 6, 7. The end-effector is a plate using the contact surface S; to hold the
object in collaboration with the other m-bots. A linear actuator § is used to ensure
object lifting and to control the parallelogram mechanism via an additional lever 9.
The actuator allows to maintain the pressure force on the payload.

3.3 Dimensional Synthesis

P, and P, represents respectively the initial and final positions of lower point of the
end-effector P. Two clearance parameters d; and J, are imposed to avoid collision
between P and the robot platform during payload lifting at position P3;. Constant
and variable parameters are expressed in Fig. 4. Constants are: h-the mobile plat-
form height, I-the distance between P, and the front of the robot, clearances §; and
0, ay-the initial angle for the parallelogram mechanism. The synthesis consists in
determining the radius of the trajectory r = l4p = [¢p, then calculating the distance
L, and finally deducing the positions of A and B:

—m+ +\/m? —4np

r=1ly= 5 with m = —4{[(I + 8;)> + 63](d2 + 2hsina)};
p
3)
n=4[(I+ &) cos® o — 83 sin” a;
p=—[(L+6))* + [l + 61)* + 62 + 4h(; + h)]
2 2 .
L :(l+51) +52+252<h+rsmal)+rcosal )

2(1+ 6y)

c=L; —rcosu (5)
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Fig. 4 Dimension synthesis

Now the position of A can be written as:
XA =Xp —rcoso =Xxp, —C—rcosday; za =rsino; +h+d (6)

Tha angle /3 is chosen so that the parallelogram ABCD remains as far as possible
from the singular flat configuration in the extreme positions P, and P,. Length l4p
is not constrained.

3.4 First Prototype

Figure 5a presents the designed m-bot with the lifting mechanism in a prehension
position. Figure 5b illustrates the 3D model for a group of four robots. Two pro-
totypes based on Khepera platform have been realized to validate the manipulation
strategy. Each m-bot weighs 1.4 kg. Figure 5c presents two antagonist robots

(@) | (b) (© @

Fig. 5 Model and first prototype based on Khepera platform: a First prototype design; b Four
robots manipulating a box; ¢ Box prehension by two robots; d Box transport by two robots
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manipulating a box (200 % 300 x 200 mm) and lifting it on their bodies. The m-bots
keep their end-effectors down and hold the payload in between. Then they lift it up
and put it on top of their bodies to be transported (Fig. 5d).

4 Conclusion and Future Work

This paper has presented the paradigm of C*Bots which aims to co-manipulate and
transport a common payload by collaboration between several similar m-bots. Each
m-bot is mainly made of two parts: a mobile platform and a manipulation mech-
anism. A first design of a lifting mechanism to be fixed on the mobile platform has
been presented. The developed p-bot is modular and can gather a variable number
of m-bots to manipulate an object of a general shape. The m-bot was built from a
single-axle robot (Khepera platform). A specific manipulation arm was attached to a
vertical actuated and reversible revolute joint to let the m-bot turn freely on itself
when the payload is supported by the m-bots. The resulting p-bot is thus allowed to
manoeuvre (translation along any direction and rotation around any point in the
ground plane). This preliminary design allows object manipulation without con-
sidering obstacle climbing which will be the goal of a second part of the project. For
future work, experiments are under process for evaluating the transport efficiency
with the p-bot. Stability will also have to be evaluated and optimized during pre-
hension, lifting and transport phases while taking into account objects shapes and
weights.
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