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Abstract: Delta robots are the most common parallel robots for manipulation tasks. In many industrial
applications, they must be operated at reduced speed, or dwell times have to be included in the
motion planning, to prevent frame vibrations. As a result, their full potential cannot be realized.
Against this background, this publication is concerned with the mechanical design of an active
dynamic balancing unit for the reduction of frame vibrations. In the first part of this publication, the
main design requirements for an active dynamic balancing mechanism are discussed, followed by a
presentation of possible mechanism designs. Subsequently, one the most promising mechanisms is
described in detail and its kinematics and dynamics equations are derived. Finally, the dimensions of
a prototype mechanism designed to experimentally validate the concept of active dynamic balancing
are defined using the example of Suisui Bot, a low-cost Delta robot.

Keywords: dynamic balancing; vibration reduction; delta robot; pick and place; parallel mechanism;
parallel robot; planar mechanism; high speed manipulation; handling task

1. Introduction

Dynamic manipulation tasks, as found in the packaging industry, demand light-
weight, stiff robotic systems, with a high payload-to-weight ratio, to achieve both energy
efficiency and high positioning accuracy. Given these requirements, parallel robots are
particularly well suited due to their architecture with base-fixed actuators and, hence, low
moving mass [1]. The most common parallel robots for these tasks are Delta robots [1].
In many industrial applications, they must be operated at reduced speed, or dwell times
have to be included in the motion planning, to allow frame vibrations to decay and hereby
prevent unacceptably high vibrations from building up [2]. Otherwise, the vibrations
reduce the accuracy of the robot, can cause fatigue and wear in its mechanical elements,
cause noise, or even affect surrounding machines [2—4]. As a result, the full potential of
Delta robots cannot be realized. The vibrations can be explained by the high speeds and
accelerations required to achieve the desired short cycle times. These cause high inertia
forces and moments, which act on the frame. This problem is exacerbated by the mostly
slim and high structure of the frames. A typical setup of a Delta robot, including the
coordinate system (COS) used in the remainder of this publication, is shown in Figure 1.
Given this geometry, they tend to vibrate laterally, especially during horizontal robot
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Methods for the reduction of frame vibrations may be classified as software, hardware, and
hybrid approaches. Software-based approaches comprise trajectory planning methods that aim
to either minimize the excitation of natural frequencies, e.g., ref. [5,6], to minimize the shaking
Attribution (CC BY) license (https://  forces/moments, e.g., ref. [7], or to suppress residual vibrations, e.g., refs. [8-10]. A necessary
creativecommons.org/licenses /by / condition to achieve both tool center point (TCP) control and vibration suppression is a
40/). sufficient kinematic/dynamic redundancy [7], to control the center of mass (CoM) and TCP

This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Robotics 2024, 13, 129. https:/ /doi.org/10.3390/robotics13090129 https://www.mdpi.com/journal/robotics


https://doi.org/10.3390/robotics13090129
https://doi.org/10.3390/robotics13090129
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/robotics
https://www.mdpi.com
https://orcid.org/0000-0002-5270-9842
https://orcid.org/0000-0002-8949-0215
https://orcid.org/0000-0002-6910-3329
https://orcid.org/0000-0003-1824-3433
https://doi.org/10.3390/robotics13090129
https://www.mdpi.com/journal/robotics
https://www.mdpi.com/article/10.3390/robotics13090129?type=check_update&version=2

Robotics 2024, 13, 129

2 of 20

position independently, which is not met by Delta robots. Consequently, in the case of Delta
robots, at best, trajectory planning methods achieve vibration minimization or elimination
of residual vibrations after the robot motion is completed.

1,
Ve

Figure 1. Typical setup of a Delta robot.

The goal of hardware and hybrid methods is to maintain a constant linear and angular
momentum by adding additional actively or passively driven counterweights and counter
rotating inertia. This is referred to as dynamic balancing. If the counterweights and inertia
are directly or indirectly (e.g., by additional kinematic chains) driven by the manipulator’s
actuators, it may be categorized as a hardware-based approach. In the case of an active
actuation (i.e., active dynamic balancing) it may be considered a hybrid approach. Both
can be used for vibration prevention. In [2], van der Wijk et al. present a dynamically
balanced Delta robot with respect to inertial forces by adding three counterweights and
two additional links. As a result, the moving mass of the robot increases approximately
three-fold. This is accompanied by an increase of the driving torques. The use of an active
balancing mechanism has the advantage that it can be adapted in the software to a wide
range of tasks and can be applied to different robot models of similar size and performance
without hardware modifications. In addition, the handling object’s mass can be taken into
account. A disadvantage is that an additional control system and actuators are needed,
which increases the design complexity.

Despite these advantages, comparably little literature is found regarding active dy-
namic balancing [11], as active research on this method is relatively young [12] and covers
mostly theoretical studies. In [11], van der Wijk et al. presented the first active dynamic
balancing unit [13]. It was designed as an RRRRR mechanism, i.e., a five-bar linkage with
an actively driven counterrotating counterweight attached to its TCP. In this representation,
RRRRR refers to a parallel mechanism with two RR kinematic chains, each with two revo-
lute joints, connected to each other by a revolute joint. The underlined joints are actuated.
This mechanism was used to balance a planar gantry manipulator suspended by three
cables [14]. The balancing mechanism was controlled based on the dynamics of the manipu-
lator and the balancing mechanism [11]. Here, only the counterrotating counterweight was
taken into account; the mass and inertia of the five-bar linkage are neglected to simplify
the dynamics equations. The validity of this method has been experimentally proven [14].
An example of a passively force-balanced mechanism, in combination with one actively
driven counter inertia used for moment balancing, was presented in [15], applied to a
planar RRRRR parallel robot [2]. A similar design was presented by Wang et al. in [16],
where the authors proposed to use a planar PRRRP mechanism, the linearly actuated
equivalent of the five-bar linkage, with a counterrotating counterweight attached to its
TCP. In this notation, P represents a prismatic joint. Later, Wang et al. [12] proposed a



Robotics 2024, 13, 129

30f20

second design consisting of three independently rotating one-link mechanisms (R), for the
dynamic balancing of planar three-DoF manipulators.

The present publication presents the design of a novel planar three-DoF balancing
mechanism with minimum mass and inertia, designed for the active dynamic balancing
of Delta robots. The balancing mechanism presented in this publication was designed
according to the engineering guideline VDI 2221 [17]. It proposes a general process of the
product design consisting of eight stages. The first step in the design of a technical product
is the clarification of the problem task. The result of this step is a list of requirements, as will
be presented in Section 2. This is followed by developing and selecting design concepts. For
this purpose, the required functions and their structure are defined. A function-oriented
approach can help to expand the search space and support the search for alternative or
innovative solution principles and also form the basis for common design methods [17].
The functions define what the product or its components should do. They are described
in a simple “object-verb form” (e.g., “constrain motion”) [18]. The next step is to search
for solution principles for the defined functions, e.g., using conventional methods such
as literature and patent research as well as the analysis of natural systems, discursive
methods using classification schemes, or intuitive methods like brainstorming [18]. These
functions and their solution principles are introduced in Section 3, followed by a detailed
presentation of one of the most promising balancing mechanisms. For this mechanism,
the kinematics and dynamics equations are derived in Section 4. Finally, in Section 5, the
dimensions of a prototype mechanism designed to experimentally validate the concept of
active dynamic balancing are defined.

2. Design Requirements

In [19], a detailed analysis of the shaking forces and moments caused by Delta robots
and the interaction between these forces/moments and the dynamics of typical industrial
robot frames was performed. The results of this analysis form the basis for the mechanism
design and are therefore briefly summarized below.

Due to the mostly slender and high structure of the frames, the first three natural
frequencies belong to eigenmodes describing a horizontal translation in the xy-plane and a
rotation around the z-axis, as shown in Figure 2.

ol | -~ | N
4 |
i y L
[~ / \
| | / I
J
| |

|

/ﬁ / f o
/ |

1

1. Eigenmode 2. Eigenmode 3. Eigenmode
31.7 Hz 31.8 Hz 49.2 Hz

Figure 2. Eigenmodes and natural frequencies of a typical Delta robot frame.

The motion of the first two mode shapes coincides with the direction of the dominant
shaking forces, which occur in the xy-plane and coincide with the main direction of motion
of the robots. As a result, simulations and experiments conducted in [19] to analyze the
frame vibrations indicate a dominance of vibrations in the horizontal plane. Against this
background, the balancing mechanism is designed to eliminate the vibration forces in the
xy-plane. If the lines of action of the balancing forces do not cross the center of the frame,
they lead to additional shaking moments about the z-axis. These moments would excite
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the third, rotational eigenmode of the frame. To compensate for these parasitic moments,
moments about the z-axis are also compensated.

In addition to the requirements derived from the analysis of the vibration characteris-
tics of Delta robot frames, we will now examine design requirements that originate from
the active dynamic balancing process itself. These requirements pertain to the following:

e  Parasitic shaking forces and moments: If the shaking forces are not collinear with the
balancing forces, force balancing will result in additional parasitic shaking moments. This
is shown schematically in Figure 3a. The motion of the counterweight’s and the robot’s
CoM are parallel but not colinear. Even if the sum of the inertia forces is zero, they create a
force couple around the attachment point, which leads to a parasitic shaking moment.

*  High ratio of counterweight’s mass to stationary mass: The mass of the balancing
mechanism placed on top of the robot’s frame inevitably leads to a reduction in the
frame’s natural frequencies, which could make the system more susceptible to frame
vibrations. It also places higher demands on the structural rigidity of the frame to
prevent unacceptable static deflections due to gravitational loads. Therefore, the ratio
of the counterweight’s mass and all moving masses that contribute to the balancing,
to the stationary mass of the balancing mechanism, which does not participate in
balancing (e.g., base mass), should be as high as possible.

¢  Kinematics and Dynamics Complexity: Most control designs require the solution of
kinematics and dynamics equations for each time step. Thus, complex, nonlinear
dynamics that can only be solved numerically place high demands on the control hard-
ware. To allow the use of low-performance, low-cost control hardware, it is desirable
to design a balancing mechanism with linear kinematics and dynamics equations.

¢  Stiffness of the connection to the robot: If the balancing mechanism is mounted far from
the robot mounting point, the balancing forces/moments must be transmitted through
the frame. The compliance of the frame can cause non-negligible dynamic effects in
the transmission of forces/moments to the robot base. It is therefore desirable to have
a high rigidity in the connection between the robot and the balancing mechanism.

e Size: To avoid collisions and a high adaptability to different frame designs, it is
desirable to keep the balancing mechanism as small as possible. At the same time, if
the counterweight is also used as a counter rotating inertia, a large diameter of the
counterweight is desirable to keep the mass low while achieving a high inertia [20].

*  Enhancement Effects: When a rotating actuator is used to drive a counterrotating
inertia, the direction of rotation of the actuator and the counterrotating inertia should
coincide. In this case, the actuator inertia participates in the moment balancing [11].
This and similar enhancements should be used when applicable.

¢ Costs: Costs include both operating and acquisition costs. The sum of the two must
be offset by the increased productivity provided by shorter cycle times.

The power requirement of the balancing unit depends on the mass and moment of
inertia of the counterweight. For simplicity and without loss of generality, this shall be
shown on the example of a one-dimensional balancing task. The acceleration, ¥, of the
counterweight, m,,, can be calculated by the equilibrium of forces:

fs = —Xymy = Xpmy . (1)

Here, m,,, denotes the total mass and #,, the CoM acceleration of the mechanism that
is to be balanced. Consequently, f; represents the shaking force caused by the manipulator.

Dividing by the counterweight’s mass, m;, and substitution with A = 2 yields
b

Xp = —XmA, Xp = —XmA, Xp = — XA . (2)
The mechanical power requirement of the balancing unit is defined as

P = fs - Xy = XymyXy, = EpMmXmA = X Xmm?, (W;) , 3)
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The term &, 1m1,, X, is fully defined by the mass of the mechanism being balanced and its
CoM trajectory. The only variable that can be influenced by the mass of the counterweight
is A. Since A is a hyperbolic function of the counterweight’s mass (cf. Figure 3b), so is the
power requirement (3).
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Figure 3. Illustrations to visualize the origin of parasitic shaking moments and the influence of the

counterweight mass on the auxiliary variable A and thus on the power requirement of the balancing unit.

Regarding the target of low operation costs, a high counterweight mass and inertia are
favorable. At the same time, a higher mass inevitably leads to a reduction of the frame’s
natural frequencies and increased demands on its structural stiffness. Therefore, a trade-off
between these two goals has to be made.

3. Structural Design of the Balancing Mechanism

The balancing task was divided into two sub-functions describing the balancing of
shaking forces and the balancing of shaking moments. These two functions were further
subdivided into a principle mechanism or solution to provide a multi- or unidirectional
force/moment, a method to combine these principle mechanisms and to attach them to the
robot frame. Following [18], the proposed solutions and their combinations were summa-
rized in a morphological matrix (see Figures A1-A3). In this step, candidate solutions with
up to six DoFs were considered. These concepts include novel solutions as well as solutions
or adaptations of known solutions from the literature. Examples of the latter include the
use of a five-bar mechanism to provide counterbalancing forces in two planar DoF [11],
the use of counterrotating eccentric masses as used in the Lanchester balancer [21] and the
active three-DoF balancer proposed in [12], or the movement of a fluid or steel balls similar
to the solution proposed in [22] to change the mass of the counterweight in a mechanism
for the passive balancing of variable payloads. Examples of novel solutions in the context
of dynamic balancing are the planar 2 — RRP, 3 — PPR, and 3 — PRP mechanism (see
Figure A2) or a cable-driven parallel robot. Finally, the system concepts were combined
into solutions that provide at least three DoF to allow the balancing of forces in the xy plane
and moments around the z-axis. These were then evaluated using the criteria presented in
the previous section.

A detailed discussion of the characteristics of all the solutions and their combinations
is beyond the scope of this publication, so only the most promising concept, which has
been further developed, is presented below. The chosen balancing mechanism consists of
three identical PPR kinematic chains connecting the counterweight to the base, as shown
in Figure 4. These kinematic chains consist of two perpendicular guide rails crossing at
the center of an actively driven carriage. One of the guide rails is fixed to the base and the
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other to the counterweight by means of a revolute joint. The design of this mechanism is
inspired by THK Co., Ltd. (Minato City, Tokyo). CMX series precision alignment stages
[23]. Unlike the balancing mechanism presented here, the CMX alignment stages have
four PPR kinematic chains, only three of which are actuated. The actuators are arranged
perpendicular to each other in a square. A variation of this mechanism with PRP kinematic
chains has been patented by Eidelberg [24]. The triangular arrangement of the balancing
mechanism’s kinematic chains is similar to the tilt table presented by Kimura in [25].

Endstops Counter Weight

Linear Guides Ball Bearing

Serpentine Belt

Lead Screw

Stepper Motor

o\

4
H
Passive Driven

Carriage Carriage

(c) Schematics
Figure 4. Renderings and schematics of the balancing mechanism.

Using Gruebler’s Equation (4), it can be shown that the balancing mechanism has two
planar translational and one rotational DoF. Since the mechanism performs planar motions
only, Gruebler’s equation is given by [26]

8
K=3-(n—1)-3-g+Y k;=3-(8-1)-3-94+9=3, (4)
i=1

with n = 8 being the number of links including the base, g = 9 the number of all joints, and
Z‘f:l ki = 9 the sum of all joint DoF.

As shown in Figure 4, the triangular arrangement of the kinematic chains results in a
small footprint, making the best use of the space at the top of the Delta robot. It also has
the same triangular shape as the base of many Delta robot models, which allows it to be
mounted directly on the robot, resulting in a direct transmission of the balancing forces
to the robot base. In this way, they are compensated at their origin before they can act
on the frame. The balancing of shaking forces in the xy-plane and the moments around
the z-axis are performed with the same counterweight. This is desirable to minimize the
number of additional elements and thus the weight. The radius of the counterweight has
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been maximized and cutouts have been made to achieve a high moment of inertia with
a low mass. Due to the parallel kinematic design, the mechanism has a low height. This
can be seen in Figure 5, which shows the balancing mechanism on a low-cost Delta robot
called Suisui Bot, designed by the authors of this publication for experimental validation of
vibration reduction methods. Please refer to [27] for more details on the Suisui Bot.

Counterweight

Rigid Frame
Section

s

) !M!} i canera

<y

Flexible Frame
Section

Delta Robot @ % | ‘

Turntable

Figure 5. Balancing unit attached to the Suisui Bot.

The counterweight is only 29 mm away from the top of the frame. This low profile
allows minimization of the parasitical shaking moments in the xy-plane. Furthermore, the
balancing mechanism has, in good approximation, linear kinematics and dynamics, which
minimizes the computational effort on the control system (see Section 4.3). Finally, all
motors are stationary, minimizing the risk of cable damage. This mechanism was selected
due to the combination of the above-mentioned properties, which make it a promising
solution for active dynamic balancing. The dimensions of the balancing mechanism are
defined in Section 5 after a brief derivation of the inverse dynamics of the mechanism
necessary for this step.

4. Kinematics and Dynamics

This section is concerned with the derivation of the balancing mechanism’s kinematics
and dynamics equations. The geometric center of the counterweight, which coincides with
its CoM, will hereafter be referred to as the TCP of the balancing mechanism.

4.1. Inverse Kinematics

The position of the counterweight in respect to the global COS (indicated by the
left-sided superscript 0), is represented by the vector %x (compare Figure 6). The global
COS is located in the center of the balancing mechanism’s base and maintains the same
orientation as the COS defined for the Delta robot. The orientation of the TCP with respect
to the global COS is represented by the angle ¢. The unit vector pointing along the base
fixed guide rail of the i kinematic chain i = {1,2,3} is denoted by %x; ;. Similarly, the
unit vector %x, ; is perpendicular to x ; and points along the second guide rail, which is
attached to the counterweight.

Furthermore, the vector pointing from the center of the base to the center of the base
fixed guide rail of the i*" kinematic chain is denoted by °ry, ;, and the vector pointing from
the center of the counterweight to its revolute joints is given by Orp,i. The kinematic chains
are arranged uniformly distributed by an angle of 120° on the base radius 7y, as are the
revolute joints connected to the counterweight on the radius r,. The loop closure equation
for the ih kinematic chain in the global COS is given as

0, _0 0 0 0
X="rpi X1 X1+ X X0 — Ty (@)

Here, x; ; and x, ; denote scalar scaling factors, representing the position of the carriage
on the base-fixed guide rail *x; ; and the position of the revolute joint with respect to the
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carriage. Additionally, ; = (i — 1) %’T denotes the attachment angle of the i kinematic
chain with respect to the x-axis of the global COS. Thus,

Ory;i = 1Rz(1,0,0)" ©)
Orp,i = rpRz,a+¢(1/ 0, O)T ()
T
Ox1; = Rz4(0,1,0)" = (Oxl,i,x/Oxl,i,yzoxl,i,z> 8
T
Oxy; = Rz(1,0,0)" = (Oxz,i,x/OXZ,i,y/ OxZ,i,z> . 9
The rotation matrix R; , is given by
cos(a;) —sin(a;) 0
R,, = | sin(a;) cos(a;)) 0 |. (10)
0 0 1

Figure 6. Variables as used for the derivation of the inverse kinematics of the balancing mechanism.
All vectors are given in the global COS.

Rearranging to move all constant terms to the left side leads to

0. 0 0, _ . .0 0
X— "yt rpi = X1 X1+ Xpi X2 (1)

The balancing mechanism performs solely planar motions. Thus, the z-components of
all vectors in (11) are zero at all times and can be omitted. Conversion to matrix notation
leads to the 2 x 2 constant transformation matrix ®A; of the i" kinematic chain i = {1,2,3}.

0 0 0 Oxl,i,x Ox2,i,x X1,i
X—"rpit rpi = 0 0 (12)
Xiy  X2ix X2,i

OAi

Finally, solving Oxl,i,y and Olei,x leads to the linear equation system
T _
(x1,%27)" ="A71 (Ox — Oy + Ofp,i) (13)

and the desired carriage positions x ;.
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4.2. Velocity and Acceleration Analysis

This section is dedicated to the velocity and acceleration analysis of the balancing
mechanism. Firstly, the driven carriage’s velocities are derived for given TCP translational
and rotational velocities. Subsequently, this is repeated for the accelerations.

4.2.1. Velocity Analysis

Differentiation of the loop closure, Equation (5), with respect to time leads to

0s _ 2 .0 .0 0,, .0
X =y xR X0 — W X Ty, (14)

where the vector ‘w = (0, O,w)T describes the rotational velocity of the TCP, i.e., the
counterweight. The right-sided scalar product with Oxlli eliminates Olei as these two
vectors are by definition always being perpendicular to each other, leading to

045.0 : 0 0 0
X X1 = X1,i — ( w X Tp,i) C X (15)
Thus, the carriage velocities are given by

561,1' = Oy'c : OXLZ' + (Orp,,- X Oxlri) -Ow. (16)

Here, the cross product Orp,l- x Ox; ; is given by

cos(a + ¢) —sin(a) 0
Orp/i x O = rp| sin(a+¢) | x cos(a) =1p 0 (17)
0 0 cos(¢)
thus
X1 = Og . Oxll,- +1p - cos(¢p)w. (18)

4.2.2. Acceleration Analysis
By further differentiation of the loop closure, Equation (5), it follows that

0% = X1, Oxxrl,- + X5 ; 0x2’1‘ — 0% x Orp,i —Ow x (Ow X Orp,,-) . (19)

Due to the design of the balancing mechanism with a large moment of inertia, only
small angular velocities, w, are to be expected; thus, Ow x (Ow X Orp,i) = w? Orp,i is small

and can be neglected. Here again, a right-sided scalar product of (19) with %x, 1; is used to
eliminate Olei.

0x 0 , 0. 0 0
X-Txy =% — ( w X fp,i) U (20)

Finally, solving for the carriage acceleration leads to

’

1= 0% . Oxlr,' + (Orp,,' X Oxl,l) Ow (21)
=% Ox ;4 rp - cos(¢)aw . (22)

4.3. Dynamics

The dynamics of the balancing mechanism are needed to calculate the counterweight
acceleration required to achieve a desired balancing action, in terms of balancing forces in
the x- and y-directions and a balancing moment about the z-axis. Due to the relatively small
mass of the linear guide rails (see Table 1), their inertia forces are neglected in the following
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calculations. Since all the movements of the balancing mechanism are in the horizontal
plane, which is perpendicular to the gravity vector, all the gravitational forces are constant
and do not affect the balancing. Therefore, gravitational forces are also neglected in the
derivations. The inverse dynamics are calculated using the Newton—Euler equations.

Table 1. Mass properties of the balancing mechanism.

Part Mass [kg] Moment of Inertia [kg m?]
Base including drives 3.445 -
Linear guide rails 0.060 -
Driven carriage 0.249 -
Balancing mass 5.900 0.112

4.3.1. Translational Dynamics

Formulating the equilibrium of forces for the overall system with respect to the
attachment point at the center of the base leads to

3
Of = my 0% + me Z X1, Oxlri . (23)
i=1

Here, the scalars m;, and m,. stand for the mass of the counterweight and the driven car-
riages, respectively. The vector  f denotes the reaction forces acting between the balancing
mechanism and the robot frame. Substitution of ¥; ; by (22) leads to

3

3
Of =my 0% + m, Z (05& : 0x1,i> Oxlr,' +me - rp - cos(p)w Z Oxlli . (24)
i=1 i=1

From the symmetry of the balancing mechanism, it follows that 21-3:1 Oxlri = 0. Thus,
a rotation of the counterweight does not change the total CoM of the balancing mecha-
nism. Therefore,
3

Of = my O3 + m 2 (O."X'f . OxL,-) Oxlri . (25)
i=1
Rearranging gives
0 0 2 0 0,.T 0
i=1
> T

=my 0% + m, Z (Oxlli Oxlri) 0% (27)

i=1
=M% (28)

with
my +1,5m, 0 0
M = 0 my+1,5m, 0 . (29)
0 0 mb,Z

All components of the balancing mechanism perform purely planar motions, all
(dynamic) reaction forces, 0 f, and accelerations, 0% lie in the xy-plane. Thus, in the
following, the z-components of all vectors and the mass matrix component m;, , can be
omitted. Finally, solving for *# leads to the desired transformation from the desired reaction
forces to the required counterweight acceleration:

Ox=M""0f. (30)
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4.3.2. Rotational Dynamics
The equilibrium of moments about the base center point gives:
3
O = COMI, 0%+ me Y i (O x O ) + my (O x %) (31)

i=1

with ©“M[;, being the moment of inertia of the counterweight, measured in a COS fixed at
its CoM. The variable # is defined as the moment acting between the balancing mechanism
and the robot frame. Hence, the z-component of 0¢, which is used to balance moments
about the z-axis, is given by
3
O, = Iy +1p - me Y 1+ mp (Ox x Ox) . (32)
i=1

Again, substitution of #; ; by (22) leads to

3
Ot, = I, + 3mc - 1 “1p - cos(Pp)w + 1y - me Z (Ojé . Oxlli) + my, <0x X 052) . (33
i=1

Since the scalar product is distributive over vector addition, the latter can be written as

3
O, = Iy oo 4 3mc - 1y - 1 - cOS(P)w + 1y, 0% . Z Oxl,,- + my, <Ox X 05&) . (34)
i=1

From the symmetry of the balancing mechanism, it follows that Z?:l Oxl,,' =0.
(Ip,zz + 3mcrprypcos(¢)) @ = O, —my, (Ox X Oj&) (35)
In the case of the balancing mechanism under consideration, one finds that (c.f. Section 5)
3mcryry = 0.005 kgm? << I,, = 0.112 kgm?. (36)

Therefore, the term 3m.r,rpcos(¢) can be neglected, leading directly to the desired trans-
formation from the reaction moment to the required counterweight rotational acceleration:
0 0 0y
t; —mp(Cx X X
o= 2 ). (37)
Ib,zz

5. Balancing Mechanism Dimensioning

As described in Section 3, the performance of the balancing mechanism presented in
this publication is intended to be evaluated on the Suisui Bot, a low-cost Delta robot with a
workspace of 0.3 m in diameter and 0.1 m in height. In order to dimension the balancing
mechanism used for the evaluation, this section first introduces the evaluation scenario
and then presents an analysis of the expected shaking forces and moments. Based on this
analysis, the dimensions of the balancing mechanism are determined.

5.1. Evaluation Scenario

The Suisui Bot consist of three identical R(SS), kinematic chains, connecting the
moving platform with the base (see Figure 7). Here, S denotes a spherical joint. These
kinematic chains comprise a link connected to the robot’s base by an actuated revolute
joint, hereinafter referred to as the proximal link and a spatial parallelogram (SS),. This
spatial parallelogram is composed of two parallel connecting rods (denoted as distal links),
attached by spherical joints to both the moving platform and the proximal link.

All proximal links are arranged uniformly distributed by an angle of 120° on the base
radius ry, as are the parallelograms connected to the platform with the radius r,. The lengths
of the proximal and distal links are given by the scalars [, and I;, respectively. The factors c,
and c; represent the CoM position along the links in proportion to their length. The Suisui Bot’s
kinematic parameters, as defined in the production drawings, are summarized in Table 2.
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Figure 7. Kinematic parameters of the Suisui Bot.
Table 2. Kinematic parameters of the Suisui Bot. Please refer to Figure 7 for their definition.
Parameter: Iy [mm] 1; [mm] 7p [mm] rp [mm] ds [mm]

Value: 178 324 42 36 74

The mass parameters of the Suisui Bot have been determined using a precision scale
and compared with the CAD data. These measurements show that the CAD data provide a
satisfactory estimate of the masses, e.g., the measured masses of the three proximal link
main bodies are 203.5 g, 203.9 g, and 203.4 g, and the weight predicted by the CAD software
is 203.4 g. Given these results, the position of the CoM and the moments of inertia of the
proximal and distal links are derived directly from a detailed CAD model. The moments
of inertia of the actuators, J,;, are taken from the manufacturer’s data sheet. All mass
parameters are summarized in Table 3.

Table 3. Mass and inertia parameters of the Suisui Bot. The moment of inertia of the actuators
is specified for the output shaft of the associated gearboxes. The proximal link mass listed here
represents the mass of the entire proximal link assembly, including the motor flange.

o, Ja,
Parameter: my [g] my; [gl my [g] cp -] cq[-] [k; Izlyz] kg IZIZZ] Ja [kg m?]
Value: 331 32 278 0.43 0.5 0.00165 0.00030 0.00662

In order to evaluate the functionality of the balancing mechanism in a realistic setting,
a conveyor belt unloading scenario is emulated. This is achieved by placing a turntable
beneath the robot and utilizing steel disks as the handling objects (see Figure 5). A vacuum
gripper is used for picking. A camera is installed next to the robot to detect the handling
objects on the turntable. The turntable has three areas: picking, placement, and object
detection (see Figure 8a). These areas are characterized by polar coordinates, represented
by their inner (r,;, 7pi) and outer (rpy,0, 7pi,0) radii and angles («, f). Within these areas,
the pick-and-place positions and the motion times are varied using the quasi-randomized
Halton sequence (cf. [28,29]). The trajectories are based on an Adept cycle with 25 mm up
and down stroke. The horizontal translation is defined by the pick-and-place positions.
Following [6], the geometric path is smoothed at the transitions with Lamé curves and
combined with a 4-5-6-7 polynomial motion profile.

For all experiments, the inner radii 7,;; and ry;; are set to 0.08 m and the outer radii
Tpl,0 and rp; , are set to 0.125 m in order to obtain adequate horizontal motion and to prevent
handling objects from falling off the turntable. The minimum motion time from the pick to the
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Place

place position is 0.2 s, but due to the latency of the vacuum gripper no objects can be handled
at this speed. Therefore, for experimental validation, the motion time from the pick to the
place position is defined to be between 0.25 s and 0.3 s. Exemplary trajectories recorded in
pick-and-place experiments with angles « and  both set to 60° can be seen in Figure 8b.

Picking Area

Workspace

Ar 0.1 Boundary

Inner Pick

£ 0 Place Radius
>
-0.1 Outer Pick
Place Radius
Object -0.1 0 0.1
Ié; Detection x [ml]
(a) Layout of the turntable (b) Trajectories generated using a Halton se-

quence for process variation
Figure 8. (a) shows the sectioning of the turntable as used for the trajectory planning. (b) shows a set
of 75 trajectories defined by a Halton sequence and recorded in experiments.

5.2. Shaking Force and Shaking Moment Analysis

In order to define the dimensional parameters of the balancing mechanism, the highest
shaking forces and moments that could occur in this scenario were analyzed. For this
purpose, 16 trajectories were defined, covering the entire turntable area. Twelve of them are
arranged in an asterisk pattern. Six of them have a horizontal translation of 0.25 m and the
motion time from the pick to the place position is set to its minimum value of 0.2 s, resulting
in a maximum acceleration of approximately 76 m s~2. The remaining six trajectories have
a horizontal translation of 0.16 m, and a motion time of 0.18 s in order to obtain the same
peak TCP acceleration. Finally, four trajectories are in the shape of the largest square that
fits into a circle with a radius of 0.125 m as 1}, , and 1y o. This square is parallel to the x-axis
and y-axis. The motion time for these trajectories is set to 0.184 s to obtain the same peak
acceleration as for the other trajectories. As for the practical experiments, these trajectories
are based on an Adept cycle with 25 mm up and down stroke, and the geometric path is
smoothed with Lamé curves and combined with a 4-5-6-7 polynomial motion profile.

The resulting trajectories are shown in Figure 9. In the case of the trajectories arranged
in an asterisk pattern, the most critical ones are those where the robot moves along one
of its kinematic chains (e.g., along the x-axis). In the case of the trajectories arranged in a
square, the most critical ones are those where the robot moves from point 1 to point 2 or
from point 3 to point 4 (see Figure 9a). Due to the symmetry of the robot, the shaking forces
on these trajectories are equal. The maximum shaking forces and moments calculated on
the basis of these critical cases for the asterisk and square trajectories are summarized in
Table 4. The calculation was performed according to the mass parameters of the Suisui Bot.

Table 4. Maximum shaking forces and moments calculated for the critical cases for the trajectories in
an asterisk and in a square pattern.

Trajectory Maximal Shaking Force Maximal Shaking Moment

Asterisk 423N 0 Nm
Square 411N 2.99 Nm
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Figure 9. Trajectories used to access the maximum shaking forces and moments.

Figure 10 shows a Fourier transform of the relevant shaking forces and moments
caused by the most critical trajectories in both an asterisk and a square arrangement. The
dominant frequencies are below 10 Hz, with a significant share of the relevant frequency
components extending to approximately 50 Hz.

— Force z-axis — Force z-axis
10 —— Force y-axis || 1 10 — Force y-axis || 1
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Figure 10. Fourier transform of the shaking forces and moments calculated for the critical cases for
the trajectories in an asterisk and a square pattern.

5.3. Dimensioning

In typical pick-and-place scenarios, the robot picks up a payload on one side of
the workspace, transports it to the opposite side, places it, and returns unloaded. This
unidirectional mass transport results in a one-sided movement of the counterweight when
both the shaking forces caused by the robot and the payload are compensated by active
balancing [11,22]. As a result, the counterweight can reach its motion limits. To counteract
this effect, a centering algorithm has been defined and presented in [30]. However, since
any acceleration required to bring the counterweight back to center causes a shaking force
on the frame, it is desirable to have sufficient permissible counterweight travel to allow for
smooth and slow centering actions.

With this in mind, the dimensions of the counterweight were chosen so that the Suisui
Bot could be dynamically balanced at least twice in the same direction on the paths with the
highest shaking forces and moments without returning to the center of the balancing mecha-
nism’s workspace. To calculate the required counterweight mass and inertia, the kinematic
parameters 73, and r, had to be defined first. Their choice is based solely on geometric con-
straints and was chosen to achieve the maximum counterweight travel and mechanism size
that would fit on the Suisui Bot. This resulted in 7, = 0.081 m and r,, = 0.087 m. The control
hardware for the robot and balancing unit is mounted on the top of the frame. This limits
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the radius of the counterweight. The mass characteristics of the mechanism are summarized
in Table 1. The mechanism is driven by Nanotec Electronic GmbH & Co. KG (Feldkirchen,
Germany) ST4118D3004 stepper motors (0.80 Nm holding torque, 92 W output power).
Given these dimensions, the maximum power consumption, counterweight speed,
and motion (calculated according to Section 4.3) for the two most critical trajectories are
summarized in Table 5, along with the maximum required travel, x; ;, of the balancing
mechanism actuators. For comparison, the permissible travel is 250 mm. It should be noted
that the calculated power consumption does not include any mechanical or electrical losses,
such as the friction caused by the plain bearings in the linear guides and the lead screw.

Table 5. Power requirements and CoM motion of the balancing mechanism.

Trajectory N{,ao)::::l Maximal Velocity Maximal Position Maximal xq;
xy-Plane ¢ (xy)-Plane ¢
Asterisk 44 W 0.241 ms~! Orads™! 0.021m 0 rad 0.0185m
Square 44 W 0.197 ms~! 0.84 rads~! 0.015m 0.062 rad 0.0186 m

6. Summary and Discussion

This publication presented the design of a novel three-DoF planar parallel mechanism
for the dynamic balancing of Delta robots. First, the main design requirements for a bal-
ancing mechanism were defined, and possible mechanisms were presented based on these
requirements. Finally, a 3-PPR mechanism was identified as one of the most promising
solutions given the following:

e  its small footprint, which allows it to be mounted directly on the robot, resulting in
direct force/moment transmission;

* its low weight, due to the use of a counterrotating counterweight;

¢ its low height, which makes it possible to minimize parasitic shaking moments;

e its, to a good approximation, linear kinematics and dynamics.

To evaluate the performance of the mechanism, a small, low-cost prototype was built
and tested on the low-cost Delta robot Suisui Bot. A description of the control system and
an experimental validation of the overall system is beyond the scope of this publication,
but can be found in [19,30]. In these publications, it has been shown that, in a scenario with
75 quasi-randomized pick-and-place positions and cycle times as described in Section 5,
the mechanism provides a significant vibration reduction of up to 86% [19]. In future
work, concepts for combining this mechanism with solutions for balancing the shaking
moments about the x- and y-axes will be investigated, as these represent the highest shaking
moments. A combination with gyroscopes seems promising to achieve high moments with
minimal additional mass and inertia.
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Figure A1. Page one of the morphological matrix containing solution candidates for the functions of

the dynamic balancing task. For simplicity, solutions that can be used for both force and moment

balancing are only listed under subfunction force balancing [31].
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