A New Approach to Design of

Lelai Zhou'
Department of Mechanical

and Manufacturing Engineering,
Aalborg University,

Aalborg 9220, Denmark

g-mail: 1zh@m-tech.aau.dk

a Lightweight Anthropomorphic
Arm for Service Applications

This paper describes a new approach to the design of a lightweight robotic arm for serv-

Shaoping Bai
Associate Professor
Department of Mechanical

and Manufacturing Engineering,
Aalborg University,

Aalborg 9220, Denmark

g-mail: shb@m-tech.aau.dk

ice applications. A major design objective is to achieve a lightweight robot with desired
kinematic performance and compliance. This is accomplished by an integrated design
optimization approach, where robot kinematics, dynamics, drive-train design and
strength analysis by means of finite element analysis (FEA) are generally considered. In
this approach, kinematic dimensions, structural dimensions, and the motors and the gear-
boxes are parameterized as design variables. Constraints are formulated on the basis of
kinematic performance, dynamic requirements and structural strength limitations,

whereas the main objective is to minimize the weight. The design optimization of a five
degree-of-freedom (dof) lightweight arm is demonstrated and the robot development for
service application is also presented. [DOI: 10.1115/1.4028292]

1 Introduction

Lightweight robots are increasingly used in service and space
explorations. A service robot has to be lightweight and compliant
for safe interactions with humans and for energy efficiency. For
service robots, however, they have to be lightweight. This implies
that a lightweight robot needs to be designed with new approach,
which is able to address lightweight and structural strength, the
two major design challenges.

Some attempts in making lightweight designs can be found in
literature. A notable example is the DLR robotic arm [1] devel-
oped for robotic interaction in human environment. Chedmail and
Gautier [2] proposed a method for the optimum selection of robot
actuators to minimize the total mass of all the actuators. A robotic
manipulator with hybrid actuation combining air muscles and DC
motor were developed on the base of distributed macromini actua-
tion approach [3]. Design optimization was conducted on the
drive-train of two joints from an industrial manipulator [4]. MODEL-
IcA, a simulation software with robotic optimization facilities,
could tune the parameters of a controller by a multicriteria param-
eter optimization method to improve the system dynamics [5]. A
drive-train design optimization approach was presented in Ref.
[6], which can minimize the weight of the robot and simultane-
ously select the optimal components of the drive-train.

A lightweight design may end up with a robot that is too “soft,”
which makes the system prone to undesirable vibrations. Design
constraints on compliance thus need to be considered. To this end,
FEA can be used. However, the FEA was rarely used in robotic
arm design and structural optimization [7-9].

In the meantime, kinematics is also an important issue to be
considered for improvement of robotic performance, either kine-
matic or dynamic one. An integrated structure—control design
optimization method of a two-link flexible robot arm was pre-
sented, where the structural and control parameters were opti-
mized simultaneously [10]. Evolutionary optimization method
was used to optimize the parameters of a manipulator in Ref. [11].
Optimal dynamic performance based methods was reported in
Ref. [12], among others. It can be noticed that structural
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dimensions of robotic manipulators were rarely considered. More-
over, dimensional and drive-train optimizations were mostly con-
ducted separately. An integrated approach is desired, which
allows to account for the influences of the dimensional variables
and drive-train parameters in robot design, while reducing the
weight through optimization.

In this work, a design method is developed for the lightweight
robotic manipulators. The method combines the kinematics, dy-
namics, and structural strength analysis in a single design stage,
while the main objective is to minimize the weight of the robot.
The proposed method extends the integrated design optimization
method reported in authors’ previous work [13]. In the new
method, the structural dimensions of a robotic arm are taken as
variables in the design optimization, in addition to the parameters
of the drive-trains. The arm structure and the drive-train will be
optimized to obtain lightweight robotic arm with constraints on
the kinematics, drive-train dynamics, and structural strength. The
paper shows that the integrated optimization method can contrib-
ute to further reducing the arm weight. The system development
and prototype of the robotic arm is described, with the electronics
and control strategy being presented.

2 A Robotic Arm Design Model

The lightweight robotic arm considered in this paper has 5 dof,
with 2 dof at the shoulder, one at the elbow, and two at the wrist,
as shown in Fig. 1. This is a humanlike arm design, which can be
mounted on an electric wheelchair to assist disabled in simple
manipulations like picking, placing, door opening, etc., or
mounted on a foundation for food feeding and drink serving.

2.1 Design Considerations. The conceptual design of the 5
dof robotic arm was developed for daily activity assistance. The
total reach distance of the robot is 1m (without the gripper),
which is a bit longer than a human arm. The workspace (WS) of
each joint is based on the corresponding joint WS of the human
arm. The range of each joint WS is listed in Table 1.

The Sdof robotic arm desg/%ned in this work adopts a modular
approach. Harmonic Drive™ CPU series gearboxes are used as
transmission elements and, simultaneously, as the mechanical
joints for different dof. To increase the torque capabilities of joints
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Joint 3

Fig. 1

1, 2, and 3, a second stage of gearhead is used between Harmonic
Drive and the motor. Joints 2, 3, and 5 adopt the similar configura-
tions. In joint 4, only geared motor is used to transmit torque
through bearing supported shaft, as shown in Fig. 1. The gripper,
selected from SOMMER™ Automatic, is controlled by its
customized controller.

2.2 Robot Modeling. The lightweight robotic arm is a serial
manipulator consisting of several links connected in series by rev-
olute joints. The kinematic and dynamic modeling was described
in Ref. [13]. We introduce briefly these models for completeness.

2.2.1 Kinematics. The kinematics is formulated based on
Denavit—Hartenberg’s convention [14]. Cartesian coordinate
systems are attached to each link of a manipulator, as shown in
Fig. 2. The corresponding D-H parameters can be obtained as
listed in Table 2.

The joint angular velocity can be calculated with the Jacobian
matrix

0= "ver ()
where 0 = [01 0, .. 9,1]T is an n-dimensional (n denotes the
number of dof) vector of the joint angular velocities, J the Jaco-
bian matrix, and v the velocity of the end-effector.
As the robot has 5 dof, its Jacobian is a nonsquare matrix. The
inverse Jacobian can be found with a method reported in

Table 1 Joint WS of the robotic arm

Joint i Max WS Constrained WS
1 0~2m O~7

2 0~3n/2 0~3n/2

3 0~37/2 0~ 37/4

4 0~27 0~27

5 0~3n/2 0~3n/4
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Conceptual design of a 5 dof lightweight anthropomorphic arm

Ref. [15]. When the desired end-effector velocity v is given, the
joint angular velocity can be solved by Eq. (1).

2.2.2 Inverse Dynamics. The integrated structural and drive-
train optimization utilizes a dynamic model of the robotic arm for
dynamic evaluations. The governing equation of the arm motion
can be written as

M(0)0 +v(0,0) +g(0) =1 )

where M is the mass matrix, v is the vector of Coriolis and centrif-
ugal terms of the links, g is the vector of gravitational forces, and
T is the vector of joint torques. The mass matrix M of Eq. (2) is
not constant. Instead, it changes with arm poses, arm dimensions,
and mass distributions.

3 An Integrated Design

The design problem in this work is formulated as an optimiza-
tion problem with an objective to minimize the weight of the
robotic arm with constraints on kinematics performance,

Fig.2 Robotic arm coordinate system
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Table2 D-H parameters of the robotic arm

Table 3 Structural parameters of the robotic arm (mm)

Joint i o a; d; 0;
1 7'[/2 0 hl 01
2 0 I 0 0,
3 /2 0 0 0
4 77'[/2 0 12 04
5 7'[/2 0 dl 05

drive-train, and the structural strength. The selection of a drive-
train is constrained through the dynamic equation and the design
criteria for motors and gearboxes. The structural dimensions influ-
ence the robotic dynamics. On the other hand, they also determine
the kinematic performance of the robotic manipulator. This may
be formulated as a constraint on the kinematic performance index
as described presently.

3.1 Parameterized Dimensions. The structural parts of the
robotic arm are to be optimized in the integrated optimization
method. Figure 3 shows some parameterized dimensions of the
robotic arm. These dimensions fall into two groups: the assem-
bling dimensions including the link lengths of the upper arm /4
and the lower arm /5, and the structural dimensions displayed in
Fig. 3(b). The assembling dimensions determine the robotic arm’s
kinematic performance, while the structural dimensions affect the
arm structural strength. The descriptions of the parameterized
dimensions are listed in Table 3.

In this design, the inner radius 7, and r,, are taken as design var-
iables, as well as the widths of the opening slots wy,; and wy,,. The
outer radius R, and R,, are kept constant. The dimensions a;, a,,
b1, and b,, which are used to position the slots, are fixed. Other
dependent dimensions are calculated accordingly: [ =1/, — 150

Upper Lower Parameter
arm arm descriptions Note
I I Tube length Dependent variable
Ta p Inner radius Design variable
R, R, Outer radius Fixed
Whi Wi Widths of the opening slots Design variable
I Lips Uiz Lengths of the opening slots Dependent variable
ap, a» by, by Lengths used to position Fixed

the slots
(mm), lp=101—150 (mm), [,; =z —a;—a,—30)/2 (mm),

I3 =1pp/2 (mm), [y = 2(lo — by — by — 30)/3 (mm).

All the dimensional variables are classified into two groups, ki-
nematic dimensions u;=|[/;, ;] and structural dimensions
u, = [, 7'p, W1, Winl. The design variables are hence defined in a
vector uy = [uy, u].

3.2 Constraint of Kinematic Performance. The integrated
optimization is proposed to minimize the weight of the robotic
arm with constraints on kinematics performance, drive-train, and
the structural strength. The selection of a drive-train is constrained
through the dynamic equation and the selecting criteria for motors
and gearboxes. The structural dimensions influence the robotic
dynamics. On the other hand, they also determine the kinematic
performance of the robotic manipulator. This may be formulated
as a constraint on the kinematic performance index as described
presently.

The kinematics performance is one of the major concerns in
robot design. It is desirable for a robot to have a high kinematics
performance, while the drive-train is optimized. Several perform-
ance indices are available for the design of robotic manipulators.

(b)

Fig. 3 Dimensional parameters of the robotic arm
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They include manipulability measure proposed by Yoshikawa
[16] and the global conditioning index (GCI) by Gosselin and
Angeles [17]. The GCI, which describes the isotropy of the kine-
matic performance, is considered in this work.

The GCI within a WS W is defined as

1
[, caw
GCI = 2w X 3)
J aw
14
with the condition number x given by
o= [0, u) |37 (0, ue)| )

where J(0,u;) is the Jacobian matrix and @ is the vector of joint
angles.

In practice, the GCI of a robotic manipulator is calculated
through a discrete approach as [18]

1 1
GCI = — E —AV;
Vv Ki i (5)

i=1

where V is the WS volume, and m is the number of discrete points.
In the case of equal-volumetric discretization, AV; = AV, Eq. (5)
is transformed to

GCI:li:i (6)

mei= Ki

To keep a high kinematics performance with selected link lengths
in the integrated optimization, a constraint is given on the GCI

GCI(u;) > Crin (7N
where Cy,, is the minimum acceptable GCI.

3.3 Drive-Train Constraints. A drive-train model of a single
joint is shown in Fig. 4. The drive-train consists of a motor, a link-
age, and a gearbox for speed reduction. Taking into account of
gear efficiency, the required motor torque for the ith joint can be
calculated by

zn,_,-—{(Jm+Jg)(§(z)p+@}; i=1,..,5 ®)
prg |

where p; is the gear ratio. J,,; is mass moment of inertia of the ith
motor; J,; is the equivalent mass moment of inertia of the ith
gearbox reflected at the motor shaft; 7, ; is the corresponding gear
efficiency; and t,(¢) is the load at the output link, which can be
solved by Eq. (2).

Gearbox

Motor

Linkage

T(t) 00

)
| A
|

Fig.4 Schematic view of drive-train model for a single joint
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3.3.1 Motor Selection Criteria. Motors for robotic arms are
usually selected from two motor groups, brushed and brushless
DC motors. In selecting motors, the following three criteria are
considered:

Trms S Tm; Tp S Trr;mx; np S N,l::ax (9)
where 7., denotes the root mean square (RMS) value of the
required motor torque, and T, is the nominal torque of the motor.
7, = max{|tm|} is the required peak torque, and Tm** is the stall
torque of the motor. 1, = max{|2n0(r) - p|} is the required peak
speed corresponding to the motor, and Np** denotes the maximum
permissible speed of the motor.

3.3.2 Gearbox Selection Criteria. For the selection of gear-
boxes, the following three criteria apply. The first criterion is the
root mean cubic (RMC) value of torques (7,,.), recommended by
the Harmonic Drive gearbox manufacturer [19]. The RMC value is
a measure of the accumulated fatigue on a structural component
and reflects typical endurance curves of steel and aluminum [20]. It
is therefore relevant to gearbox lifetime, and this criterion has also
been used in robotic applications [21]. Other criteria include maxi-
mum output torque and input speed. The criteria are expressed as

Time < Tg 5

where T = 1/ 1/At LA " 13(1)dt, with 1(f) being the required tor-

que from the gearbox output. T, is the limit for rated torque of the
gearbox. 7, = max{|7(¢)|} denotes the required peak torque with
respect to the output side, and T, is the allowable peak torque

Tp STy < ND™ (10)

of the gearbox. n, = max{|9(t) -p|} is the required maximum
input peak speed, and Ny denotes the maximum permissible
input speed of a gearbox.

3.4 Structural Strength Constraints. While the robotic arm
becomes lighter, its stiffness also reduces. To prevent the robot
becoming too ‘“soft,” constraints on structural strength can be
included in optimization. In this work, the stress and deformation
of the robotic arm are considered. To maintain the strength and
stiffness of the structure, the maximum von-Mises stress has to be
smaller than the yield strength of the material

Smax < Sy (11)

The maximum deformation of the end-effector has to be under a

relevant limit for operational consideration of the robot.

Dmax < Dlim (12)

In some cases, upper limits may be applied to the arm to make
sure the structure has an acceptable compliance for safety.

3.5 Objective Function. The objective of the integrated
design optimization is to design a lightweight robotic arm. The
task is to find the lightest combination of motor and gearbox for
all five joints and the optimal link lengths that fulfill all constraints
associated with the kinematic, strength, and drive-train con-
straints. The optimization will also minimize the mass of the
robotic structure (m,,,) by selecting optimal dimensions that
fulfill structural constraints. The objective function, f(x), is
defined as

n

mxinf(x) = Z {mm () + mg (ug) },+ Mo (ug)

i=1

X = [, Uy, uy] (13)
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Fig. 5

Kinematic constraint

Cmin S GCI(llk) (14a)
Strength constraints
Sy > Smax (uy) (14b)
Dlim > Dmax (us) (146)
Drive-train constraints
2
1 At .
Toi > —J {(Jm(x) +J¢(x))0(1)p +T(t’x)} ~dr - (14d)
At ) ¢ ),
max n T(’? X)
T,;" = max (Jm(x) +Jg(x))9([)l) + on (14e)
s 1)
NP > max{\zn()(z) : p‘}' (14f)
51 At s
Tei > EL 72 (1,x) - dt (14g)
T = max{[z(1,x)[}, (14h)
Ny > max{](?(t) p!} (140)

Design variables of x include the index numbers of motors

u, = [u,m, ...,um,,,} and gearboxes u, = [ugyl, ...7ug1n], relative
to databases containing commercially available components, and
an array of dimensional variables u,; = [u,ws] = [l, L2, 74, 7,

Wni, Wia]. m, and m, are the mass of motors and gearboxes,
respectively. So far, we have formulated the design problem as a
discrete optimization problem, which can be solved by commer-
cial available codes.

3.6 Implementation of Integrated Design. The integrated
design optimization problem is solved by the Complex method, a
method suitable for nonlinear and discrete optimization problems.
In this section, the complex method is briefed first, followed by
the procedure of optimization.

Table 4 Design space of the dimensional variables

Dimension Range Stepsize
r [0.3,0.7] 0.05
Ty [30, 34] mm 1

s [28,31] mm 1
Wh1 [20, 60] mm 10
Wio [20, 60] mm 10

Journal of Mechanisms and Robotics
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3.6.1 Optimization by the Complex Method. The Complex
method is a nongradient based optimization method [22]. With
this method, a number of points (sets of design variables) will be
evaluated against the objective function. The set of design varia-
bles minimizing the objective function is denoted as the best point
Xp,, while the one maximizing the objective function is denoted as
the worst point x,,. Their corresponding values of objective func-
tion are noted as the best and worst values. After each evaluation,
a candidate point is generated by reflecting the worst point
through the centroid x,. with a reflection coefficient « (as shown in
Fig. 5).

Xcand = X¢ + OC(XF - Xw) (15)
where X, = 1/(m — 1) Y"1 | X;,X; # X;. The coefficient o is exper-
imentally determined, which takes the value of 1.3. To avoid con-
verging at a local minimal, the candidate point can be found
through a modified approach [23]

I = g (K8 e (1= 0)3) + (5~ 33)(1 ) (2K — 1)
(16)

where K is a random number varying in the interval [0,1].
Moreover

kr —1

T

e=p" p=1+ (17)

Here, k, is the number of repeating times the point has repeated
itself, and n, is a parameter, which is recommended as 4 in the
program. The algorithm converges when the difference between

CAD system

Parameterized
geometric model

|

Robot kinematics Dynamics model FEA simulation
Ki "t].()del vsi Dynamics analysis | Structural static
m?vmvg,l(gc;r{zva.)yms (Driving torque) validation
OPTIMIZATION

Optimization of drive train,
dimensions, shape

v
Optimized robot

Fig. 6 Functional modules of the integrated optimization
approach
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Fig. 7 Boundary conditions of the FEA model

the best and worst objective function values is less than a user
defined tolerance.

3.6.2 Design Variables Programming. The design solutions
yield from the Complex method is usually continuous. However,
the design variables u,, and u, have to be integers, since they are
the index numbers from the databases of motors and gearboxes.
To deal with the integer design variables, a round function is
introduced to transfer the design variables into integers. The
rounding function is given as

xpy = round(x)
B {x,-m;
Xint + 1;
where x is the design variable manipulated by the complex

method, x;,, is the integral part of the number x, and xpy is the
rounded design variable. The rounded variable xpy is used to

if X < x <X +0.5

. (18)
if gy +0.5 < x <Xy + 1

update the mass of motors and gearboxes in inverse dynamic anal-
ysis, as well as the allowable torque and speed values used to
examine constraint violations.

In practice, the dimensional design variables u,= [u;, ug] are
discretized in the design space with suitable step sizes, as pro-
vided in Table 4. To keep the reachable space of the robotic arm
constant, the total reaching distance L =/} + /, is fixed. One non-
dimensional design variable r is introduced as r =1, /L. Consider-
ing the structural issues, a minimum length is required for both
lower and upper arms, which means r € [Fin, F'max)-

3.6.3 The Optimization Routine. The integrated optimization
method is implemented as a design optimization platform contain-
ing five modules, as shown in Fig. 6. The five modules include the
computer aided design (CAD) module, the kinematic simulation,
the dynamic simulation, the FEA module, and the optimization
module. Among them, the CAD module is used to build the struc-
tural model of the robotic manipulators. The kinematics

Adjust mirror
procedure

Stop

Matlab ANSYS Workbench
Generate initial Update mass and Execute inverse Write input file for
population size \ inertia tensor for > kinematic and > ANSYS Workbench
m i=1 design #i dynamic simulation of design #i
@ Evaluate design ANSYS Execute ANSYS
#iand save | Workb_e?ch =1 Workbench in batch
scri
R result filep mode
With Xcang No Yes
IronPython
language
\ / ——
- xecute inverse
Igzgitlfz gﬁzt |f(Xb)-f(Xu)| Mirror x,, in x; kinematic and | | Ei)r(riﬁ:ﬁ;?g
gn ar <0.0001 to get dynamic
worst design ; ; Xcand
% simulation
cand
2 My Yes A

Evaluate f(Xcand)

Yes

Fig. 8 Diagram of the optimization routine
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Table 5 Initial and end points of end-effector trajectories
Initial point (mm) End point (mm)
Trajectory Xo Yo Zo Xe Ve Ze
1 100 850 300 850 100 300
2 500 500 200 700 700 200
3 500 500 300 550 550 800
4 100 850 200 850 100 700

simulation module is used to conduct the kinematics analysis of
the robot system. Kinematics performance, such as WS, GCI, etc.,
is investigated in this module. The dynamics simulation module is
used to run the dynamic analysis of a multibody system. The FEA
system module deals with the structural static and dynamic analy-
sis using finite element method. The optimization module contains

algorithms that are able to deal with highly nonlinear and discrete
problems for running the design optimization.

In evaluating the strength and deflection, a FEA modelMof the
robotic arm is built and simulated in ANSYS WORKBENCH . The
joint structures are imported into ANSYS WORKBENCH from CAD
geometry file. The upper and lower arm links are built as parame-
terized model in workBENCH. In the FEA model, the joints are dis-
abled, which transforms the robotic arm into a structure. The
boundary conditions and loads of the robotic arm remain
unchanged through the optimization iterations, as depicted in
Fig. 7, where the shoulder joint of the arm is grounded. External
force (payload) is applied on the gripper. The gravitational
acceleration points to —Z, according to the coordinate system in
Fig. 2.

The integrated optimization method was implemented in an
integrated environment, where kinematic and dynamic analyses
and the optimization algorithm are running in MATLAB, while

800

600 -

600

N 400
400 -
N
200 4 200 4
600
0 0
o 400 o
200 200
400
600 O v
(c) X (d) X
Fig. 9 Plots of the trajectories
Table 6 Results of design optimization
Initial Case A Case B Case C
Joint Motor Gearbox Motor Gearbox Motor Gearbox Motor Gearbox
1 RE 40 CPU 17 RE 30 CPU 14 EC 32 CPU 14 RE 35 CPU 14
2 RE 35 CPU 17 RE 25 CPU 14 RE 25 CPU 14 RE 25 CPU 14
3 RE 35 CPU 17 RE 30 CPU 14 RE 30 CPU 14 RE 35 CPU 14
4 RE 35 Gearhead RE 25 Gearhead RE 25 Gearhead RE 25 Gearhead
5 RE 35 CPU 17 RE 25 CPU 14 RE 25 CPU 14 RE 25 CPU 14
Ratio r=0.5 r=0.6 r=0.6 r=0.5
Weight 16.7 (kg) 8.3 (kg) 9.92 (kg) 9.98 (kg)

Case A: Optimization with the new method.
Case B: Optimization of drive-train with kinematic constraints.
Case C: Optimization of drive-train only [6].

Journal of Mechanisms and Robotics
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+  Bestf(x) value
© Worst f(x) value| |

The robotic arm weight (kg)

T —
5000 6000

8 i i i
0 1000 3000 4000

Iteration Number

2000 7000

Fig. 10 Convergence of the weight of the robotic arm

strength analysis is executed through ANsYS WORKBENCH. Interface
was developed to allow data exchange between MATLAB and
ANsys. The flow diagram of the optimization routine is shown in
Fig. 8.

—+— Joint 1
—4A— Joint 5 |

Index Number in Motor Category

0 i i i i i
0 1000 3000 4000 5000 6000

(a) Iteration Number

IN

2.5 : b

Index Number in Gearbox Category
N

o
o

2000 3000 4000 5000 6000

7000
(b) Iteration Number
Fig. 11 Convergence plots for the design variables of motors

and gearboxes

031001-8 / Vol. 7, AUGUST 2015

The FEA in ANSYS WORKBENCH is very computationally expen-
sive. It takes 5 min for a single simulation of the static analysis. To
improve the efficiency, FEA simulations were conducted in batch
mode for the discrete structural dimensions, and the results consist-
ing of maximum stress, deformation, and mass are stored in a data-
base file. In each iteration of the optimization, the program will
load the results from the database for the integrated optimization
instead of running FEA simulation. It takes about 4 h to build the
database. Adopting this approach avoid the repeated calculated in
the strength analysis, thus leading to the computational time
reduced from more than 10 days for one case to 10 min only.

0.7

0.65F

0.6

0.55F b

0.5 q

0.451 b

Link Length Ratio

0.4 ]

0.35 ™ . q

0.3

0 1000 2000 3000 4000 5000 6000

(a) Iteration Number

7000

60 T T T T T T

50 1

40 1

30 1

W0 Wy (M)

20f .

0 1000 2000 3000 4000 5000 6000

(b) Iteration Number

33 . 1
R
32F 4

311 i

7000

ot (mm)

—r,

—A—T,
A

0 1000 2000 3000 4000 5000 6000 7000

(c) Iteration Number

Fig. 12 Convergence of dimensional variables. (a) Link length
ratio, (b) wy,s and wy,, and (c¢) rpand rp.
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Table 7 Optimal structural dimensions (mm)

A Ta Ty Whi Wi2
Original 500 31 27 20 20
Optimized 600 34 29 40 40

4 The Arm Design Optimization

The design of the 5 dof lightweight arm is included to demon-
strate the developed method. Prior to design optimizations, trajec-
tories are defined for kinematic and dynamic analysis.

4.1 Arm Trajectories. To simplify the trajectory definition,
straight-line motion is selected for the robotic arm. A straight line
motion, starting from an initial Roint Po = (x0,y0,20)" at =0 to
an ending point p, = (e, Ye,ze) at time r=T, can be expressed
as

P—Po=u(P, —Po);  €[0,1] (19)
where the parameter u, controls the movement of the end-
effector. A trajectory with C2-continuity can be planned as

_ 2 3
u,(t) = po + pit + pat” + p3t (20)
where pg, p1, p2, and p3 are constant coefficients. Assuming the
velocities at the initial and ending point are p, = (%o, Y0,Z0) and
p, = (%, Ye,Z.) , the four constant coefficients can be solved.

In this work, we use a group of four trajectories to conduct ki-
nematics and dynamics simulation on the robotic arm, with the
coordinates of the initial and end points of the trajectories listed in
Table 5. Among them, the end-effector moves horizontally fol-
lowing trajectory 1, while moves vertically with trajectory 2. Tra-
jectories 3 and 4 are paths of different inclination. The robotic
arm starts to move from rest and stops in five seconds. The Euler
angles for the end-effector are given as [0, cos(¢/20),0], which
implies the end-effector remains horizontal during the motion.
The trajectories are plotted in Fig. 9.

In each iteration of the optimization, the kinematics and dynam-
ics are analyzed with respect to the four trajectories. The maxi-
mum torques of each joint are used to select motors and gearboxes
for the drive train. Depending on the applications, the group of tra-
jectories can be extended to contain more trajectories for more
detailed evaluations of torque requirements of the robotic arm.

4.2 Material Strength Limits. The payload is defined as a
point mass of Skg. In the FEA, the design payload is multiplied
by a safety factor, i.e., Fo =100 (N). The structure parts of this

B: Static Structural (ANSYS)
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1
07/06/2011 14:24

6.7146e7 Max
6.155¢7
5.5955e7
5.0359¢7
4.4764e7
3.9168e7
= 3.3573e7
d 2.7977e7
2.2382e7
L6786e7
1.1191e7
5.5955e6
0.00087117 Min

Initial RMS

Optimal RMS

Joint 1 Motor Torque (Nm)

= Optimal
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0.03r Initial RMS

0.025F

0.02

0.015
Optimal RMS

Joint 2 Motor Torque (Nm)

(b) Time(s)

Fig. 14 Motor torques for initial and optimal drive-train combi-
nations. (a) Joint 1 and (b) Joint 2.

robot in this work are made of aluminum, so the yield strength
Sy =280MPa. The deflection limit at the end-effector is set to
Dlim =5mm.

4.3 Candidate Components. Nine candidate motors from the
Maxon Motor catalogue are considered. They are listed in a data-
base ascendingly with respect to the mass of motor, as shown in
Table 8 of the Appendix. The gearboxes used in the robotic arm
are selected from Harmonic Drive CPU units, as listed in Table 9
of the Appendix. For the Harmonic Drive gearboxes, the

Fig. 13 von-Mises element stress in the original (top) and optimized (bottom)

robotic arm
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(a) (b)

Fig. 15 Prototypes of the robot arm. (a) First prototype and (b) second prototype for drink serving (demo video in Ref.

[25]).

efficiency is a function of operation speed. In this work, the gear
efficiency is set to 0.85 for all gearboxes, which is an average
value from product catalog.

The gear ratios of all joints set to p = {200, 200, 200, 51, 100},
orderly from joint 1 to joint 5. Note there are two-stage gearboxes
in joints 1, 2, and 3, consisting of a planetary gearhead and a Har-
monic Drive unit. For simplicity, only the mass of the Harmonic
Drive gearbox is parameterized, while the mass of the planetary
gearhead is set to constant. The Harmonic Drive CPU unit is
adopted in all joints except joint 4, due to the joint structure con-
sideration. A planetary gearhead is used in joint 4, s0 g4 =0.

4.4 Optimization Results. Optimized designs of the structure
and drive-train for the robotic arm are listed in Table 6. As shown
in the optimization results of case A, the optimized weight of the
robotic arm is 8.3 kg, a mass reduction to 50% of the initial design
being achieved.

The convergence of the objective function is depicted in Fig.
10, both the best (black dot) and worst values (gray dot) from the
complex algorithm are shown. The solution to the optimal result
is achieved at 6500 iterations with 150 population sizes. In this
work, the tolerance of convergence is equal to 0.0001.

Figure 11(a) illustrates the convergence of motor design varia-
bles. Only the convergence plots for joints 1 and 5 are displayed
for clarity. The convergence of gearbox design variables is
depicted in Fig. 11(b). The round function is used to treat the
design variables, such that they can be used to select components
from the database. Comparing the convergence rate for the motor
and gearbox design variables, the gearbox design variables con-
verging rate towards the optimal results is faster than the motor
design variables. This phenomenon is caused by that the mass dif-
ference among Harmonic Drive units is larger than among motors.

The convergence of the link length ratio is shown in Fig. 12(a).
The link length ratio is converged to = 0.6. The design variable
of link length ratio is treated by the round function defined in Sec.
3.6.2. The limit of kinematic performance GCI is set to
Cnin = 0.02, a limit that can be satisfied by a robotic arm with link
ratios between r = 0.2-0.8. Coincidently, this ratio is close to that
of the industrial robots [24].

The lengths of the upper arm link /; and lower arm link /y, are
obtained from the link length ratio r. The optimized structural

031001-10 / Vol. 7, AUGUST 2015

dimensions of the robotic arm are shown in Table 7. The conver-
gence plots of the inner radius and widths of the opening slots are
depicted in Fig. 12. Note that to reduce calculation, w;,; is made
identical to wy,, in this work. By using the structural dimensions in
Table 7, FEA is conducted separately for the original and opti-
mized robotic arm designs, with the von-Mises element stress
being depicted in Fig. 13.

The variations of motor torques of joints 1 and 2 for the initial
and the optimal designs of case A are shown in Fig. 14. The simu-
lation is based on trajectory 1 in Table 5. The torques of the opti-
mal design are depicted in black color, and those of the initial
design are in gray. The RMS value of each torque is depicted with
dashed line. It is seen that the optimal design has a reduction of
51% RMS torque for joint 1, and a reduction of 72% RMS torque
for joint 2.

The optimization results were compared with the results from a
previous method [6]. Two additional cases, namely, for optimiza-
tion of drive-train with kinematic constraints and case C for

| Controller |
—
{0 || \

Motor 1
Motor 2

CAN-USB
Converter

A

Gripper
controller

Sensor information

Fig. 16 Control system of the robotic arm
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optimization of drive-train only are considered for comparison.
The optimization results are listed in Table 6. It is seen that the
weight change of the robot is not significant in the two optimized
cases without strength constraints, no matter the kinematic con-
straints are included or not. A major mass reduction is achieved
with the optimization under the constraint of strength, which
reduces the mass of the upper and lower arm links by 1.7 kg. The
comparison reveals that the new method can contribute to reduce
further the robot mass without degrading the performance of the
robot.

5 Robot Prototyping

Prototypes of the robotic arm were built, as shown in Fig. 15.
The components of drive-train in the prototype were selected and
scaled based on the optimization results shown in Table 6. In total,
two prototypes were built. The second one was constructed by
modifying the first one, with a redesign base joint for improve-
ment of joint stiffness. Moreover, a new gripper driven pneumati-
cally was used for the reason of compatible drivers.

5.1 System Integration. The arm joints are driven by electri-
cal motors, chosen among Maxon DC motors. The five motors
have different power ratings, depending on the load in the joints;
the used models are 60 W, 70 W, and 90 W. For precise measure-
ment of the angle during operation, an encoder is mounted on
each motor. These are of the type Maxon Encoder MR, Type L,
1024 CPT, 3 Channels, and provide a relative measurement of the
angle with 1000 pulses each turn.

Each motor is connected to an amplifier, namely, the Maxon
EPOS2 24/5 amplifier, which has a built-in PID-controller, A/D
converter, digital I/O, and CAN-bus. The built-in PID-controller
enables speed and position control by use of the encoders mounted
on the motors. Additionally, the EPOS amplifier also enables cur-
rent control, i.e., torque control of the motor.
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CANopen (Controller Area Network) bus is adopted for the
communications between motors and controllers, as shown in
Fig. 16. The interface to the EPOS amplifier adopts the CANopen
protocol, which ensures that the measurements can be fetched and
the control of the motors can be achieved digitally via the CAN-
open bus, i.e., the entire motor setup is noise immune. CAN runs a
two-wire differential serial communication protocol, the CAN-
open protocol, for real-time control. CANopen protocol uses the
CAN Physical Layer as defined by the CAN in Automation (CiA)
standard “DS-301 Version 4.02.” The communications between
CANopen bus and the PC are accomplished by a CAN-USB
interface.

5.2 Motion Control Program. The control program is devel-
oped in NL.LLABVIEW through utilizing toolbox of EPOS controller,
as the control panel shown in Fig. 17. A tool point control scheme
is developed for the arm. The arm is controlled in the working
space through manipulating the Cartesian coordinates of the
gripper.

The lightweight robot has been tested as a bartender serving
drinks, as shown in Fig. 15(b). Following predefined trajectory,
the robot was able to deliver a drink successfully (see video in
Ref. [25]). PID parameters were tuned for smooth movements.

6 Discussion and Conclusions

A lightweight robotic arm was designed and developed utilizing
the proposed design method, in which design criteria of light-
weight and compliance are met by the integrated design optimiza-
tion. Selections of structural dimensions, motors, and gearboxes
were formulated as a discrete optimization problem, which was
solved by a nongradient optimization method. GCI was taken as a
constraint on kinematics performance of the robot. The results
show that the method can achieve an optimal design with
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minimum mass, while satisfying the constraints on kinematics,
drive-train, and structural strength.

A new approach of integrating strength analysis together with
the kinematic and dynamic analysis is developed in the work. The
inclusion of the robot structural strength in the optimization bene-
fits the robot design in several aspects. First, the mass can be
effectively reduced by applying the static strength constraint, as
did in this work. Second, this approach can also address the fa-
tigue limit, a major concern in robot design, by either specifying a
minimum stress or conducting fatigue simulation in FEA module.

The proposed approach provides a systemic design optimiza-
tion method for robots. For a draft robot design with given joint
configurations, the approach can be used to select drive-train com-
ponents and structural dimensions for lightweight purpose. The
consideration of structural strength in the integrated design opti-
mization brings in new research problems for future research. For
example, a stiffness model can also be considered to facilitate the
stiffness evaluation for all configurations [26]. In the current
design, the topology of the arm links is fixed to the opening slots.
Integrating the topology optimization into the integrated design
could also be considered [27]. Other future work may include the
generalization of this method for different objectives and also the
integration of robot control into the optimization. While arm mor-
phology is not considered in the optimization, it remains an open
problem for future research.
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Appendix

Table 8 Candidate motor data from Maxon Motor [28]

Index Maxon T T Ny Jm My
no. Motor (Nm) (Nm) (rpm) (g cm?) (kg)
1 RE 25 0.0284 0.28 14,000 10.5 0.13
2 RE 26 0.0321 0.227 14,000 12.1 0.15
3 EC-i140 0.0667 1.81 15,000 24.2 0.21
4 RE 30 0.0882 1.02 12,000 34.5 0.238
5 EC 32 0.0426 0.353 25,000 20 0.27
6 RE 35 0.0965 0.967 12,000 67.4 0.34
7 RE 36 0.0795 0.785 12,000 67.2 0.35
8 EC 40 0.127 0.94 18,000 85 0.39
9 RE 40 0.184 2.5 12,000 138 0.48

Table 9 Candidate gearbox data from Harmonic Drive [29]

Index Unit T, be,“"“ N{g“"“‘ Jq mg
no. size (Nm) (Nm) (rpm) (kg m?) (kg)
1 14 11 54 8500 0.033 x 107 0.54
2 17 39 110 7300 0.079 x 10~ 0.79
3 20 49 147 6500 0.193 x 107 1.3
4 25 108 284 5600 0.413 x 10~ 1.95

031001-12 / Vol. 7, AUGUST 2015
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