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Abstract— Selecting the most suitable motor sizes, gear
boxes and structure under certain constraints or desired
values such as payload, speed, deflections, total weight, etc.
for a dynamic system is an exhaustive and time-consuming
iterative process. To overcome this problem, a new-
“evolving” conceptual design algorithm is developed. The
suggested algorithm can be used for the conceptual design
of any dynamic system including drive-train and structural
optimization. To illustrate the suggested methodology, a
robot manipulator, having 3 degrees of freedom, is selected
as a case study. The objective function is minimizing the
robot mass while satisfying the desired dynamic
requirements and constraints of link deflections. A dynamic
simulation environment for flexible body motion,
containing 3 DOF robot manipulator drive-trains and
flexible links, is developed in an evolving optimization loop.
The lumped parameter estimation method is used to model
the flexibility of uniform links in Simmechanics by allowing
the estimation of deflections caused by the dynamic motion.
Thus, both dynamic and structural simulations are made
simultaneously in Simmechanics with no additional
software. Hence, drive-trains and thickness of all links are
simultaneously optimized by using the suggested evolving
conceptual design algorithm.

Key Words: Robot design, integrated conceptual design
optimization, dynamic simulation of flexible bodies, the lumped
parameter estimation, drive-train optimization.

I. INTRODUCTION

Designing a multi body dynamic system is a very complex, time
consuming and iterative process. These difficulties generate a
necessity of conceptual design process to select roughly the
drive-train and sizes of structures. This study not only creates a
conceptual design of a dynamic system but also generalizes the
conceptual design process for a specific dynamic system via
extensive drive-train library and fully variable dependent
algorithm. Hence an evolving conceptual design algorithm, that
can constitute an optimum conceptual design of a dynamic
system by considering the design parameters and constraints, is
created. 3 DOF robot manipulator is selected as a case study to
illustrate the evolving conceptual design algorithm. Besides,
increasing demand for improving robot manipulator efficiency
makes robot manipulator design optimization a crucial subject.
There are several studies about the robot manipulator efficiency
and design optimization from different points of view. One of
them is a kinematic optimization that was applied to an existing
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manipulator and selected the optimum link lengths [, Then,
there is a drive-train optimization study in literature. Drive-
trains were selected among specific motors and gearboxes via
dynamic simulation [ An integrated drive-trains and
dimensional optimization also exists in literature. In that study,
the rate of link lengths was optimized to obtain better kinematic
performance and the drive-trains optimization made the
dynamic capability better. The dynamic simulation was also
used and once again, the drive trains were selected among a
specific list of motors and gearboxes 3. There is another study
about overall manipulator design optimization including
kinematics, dynamics, drive-trains, and structure. Again, the
aim was to optimize the rate of link lengths to increase
kinematic performance, and the drive-trains optimization
provided better dynamic capability. Additionally, strength
optimization achieved the optimum structure *I°1¢], These five
studies, mentioned above, belong to the same researchers. All
the studies used MATLAB to create an optimization loop, made
dynamic simulation in ADAMS, and simulated static strength
analysis in ANSYS. Therefore, they used 3 different software
simultaneously. The strength analysis could only be done while
the manipulator is static in a certain position. Besides, the
optimization focused on the final design of a specific robot
manipulator instead of a conceptual design of a non-specific
manipulator. Then, there were very few motors and gearbox
alternatives to be used in the optimization loop. There are also
some other studies about design optimization such as sequential
optimization of kinematic and dynamic performance U, drive-
train optimization BI°l integrated topology and parametric
system optimization ['%, topology optimization of a robot arm
111, kinematic optimization "3 dynamic optimization of
flexible robot arm (1411310161,

This study illustrates an integrated drive-train and structural
optimization of a robot manipulator conceptual design due to
their direct impacts on each other. In serial robot manipulators,
the masses of the drive-trains directly affect both dynamic
behavior and link deflections. Indeed, while designing a
manipulator, more powerful and durable yet heavier drive-train
can improve dynamic behavior but causes more deflections in
the links and increases the tip point error. Even, in some cases,
more powerful drive-train both degrades dynamic capability
and increases tip point deflection because of increment of its
mass. Therefore, drive-trains and structure of the links must be
simultaneously designed and optimized for a robot manipulator.
Unlike literature, this study focuses on obtaining the optimum
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conceptual design of a robot arm, not a final design. It means
that, this algorithm can find optimum conceptual design for any
size of robot manipulators. The sizes of the robot links can be
determined by user in the beginning of the algorithm and there
is a wide variety library containing 31 different DC motors and
675 different gearboxes. Besides, this methodology uses only
MATLAB and it does not need any additional software like
ANSYS or ADAMS. This makes the methodology more
comfortable, easy to use, and less time-consuming. The final
and the most important contribution is the structural analysis.
Both the structural and dynamic simulation can be done
simultaneously in Simulink with the help of the lumped
parameter estimation method. Therefore, the structure can be
simulated under the dynamic forces during the motion unlike
static structural analysis in ANSY'S as in the literature. The aim
is to create an optimum conceptual design of a 3 DOF robot
manipulator, as seen in Figure 1, whose kinematic chain and
workspace have been previously optimized or specified. The
methodology is called evolving conceptual design algorithm
and the algorithm both obeys the design parameters and
constraints then, searches the optimum conceptual robot design
via dynamic simulation in the Simmechanics environment.
After achieving optimum conceptual design, topology
optimization can be applied sequentially to increase efficiency
and create a detailed design.

Figure 1. 3 DOF robot manipulator.

II. DRIVE TRAIN LIBRARY

The drive-train library, consisting of 35 DC motors and 675
Harmonic Drive gearboxes, is created. In the library, there are
20 different parameters for each DC motor and gearbox as given
in the Table 1 and 2. Hence, a matrix of 20 x 35 constitutes the
DC motor library while a matrix of 20 x 675 constitutes the
Harmonic Drive gearbox library. The nonlinear torque-rpm
graphics of motors are also created by using curve fitting
method after obtaining sample points from the catalogue.

TABLE 1. MAXON DC MOTOR TECHNICAL DATA.

Motor Number Speed / Torque (V/mNm)
Nominal Voltage (V) Stall Torque (mNm)
Nominal Torque (m~Nm) Time Constant (ms)
Nominal Current (4) Rotor inertia (gem?)
Efficiency (%) Max. Speed (rpm)

Power (W) Max. axial load (N)

No Load Speed (rpm) Max. radial load (N)

No Load Current (mA4) Weight (g)

Toque Constant (mNm/A) Length (mm)

Speed Constant (rpm/V) Curve fit polynomial degree

TABLE 2 HARMONIC DRIVE TECHNICAL DATA.
Harmonic Drive Number

Size

Ratio

Repeated peak torque limit -Tx (Nm)
Average torque limit - T, (Nm)

Rated torque at 2000 rpm - Ty (Nm)
Momentary peak torque limit -T', (Nm)
Max. input speed (oil) - (rpm)

Max. input speed (grease) - (rpm)
Avg. input speed limit (oil) — (rpm)
Avg. input speed limit (grease)- (rpm)
Moment of inertia (gcm?)

Weight (g)

Accuracy (arcmin)

Torsional stiffness torque 1- T1 (mNm)
Torsional stiffness torque 2- T2 (mNm)
Torsional stiffness 1 — K1 (mNm/rad)
Torsional stiffness 2 — K2 (mNm/rad)
Torsional stiffness 3 — K3 (mNm/rad)
Harmonic Drive General Sizes

The motors have a cylindrical shape and one single diameter
and length. However, gearboxes have many sizes as seen in
Figure 2. The library is used during optimization process.
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Figure 2. Harmonic Drive general sizes.

III. 3 DOF ROBOT MANIPULATOR DESIGN VIA EVOLVING
CONCEPTUAL DESIGN ALGORITHM

The evolving conceptual design algorithm consists of 5 loops
inside as seen in Figure 3. Then, there are two different
trajectories and two different dynamic simulation environments.
One of the trajectories is based on a cubic velocity profile and is
used nominally. The other one has a trapezoidal velocity profile
and is used for a sudden stop in emergencies. The first dynamic
simulation environment is based on rigid body dynamics and is
used to observe the dynamic behavior of the robot. The second
one is called flexible dynamic simulation that is used in
structural optimization, and it can show the deflections in the
bodies. Flexible structure is created by using the lumped
parameter estimation method. Before optimization loop, the
design parameters and constraints should be determined. There
are 5 design parameters which are desired robot workspace
(di,a,,a3), time to maximum speed (tm,,,,), structure
material (steel or aluminum), initial thicknesses of links (t;) and,
increment of thickness (;,.). Then, there are 7 constraints
which are joints maximum cycle time (t,qx.cycie), safety factor
for motor , maximum payload (m,,4,), sudden stop maximum
deceleration (afsyqgen), maximum Harmonic Drive permissible
twist (@yp ‘arc-min’), maximum permissible tip point error



during motion (€77 gynamic) and, maximum permissible static tip
point error (er7s:q:ic)- The optimization cycle is explained step
by step below.
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Figure 3. Flowchart of Evolving Conceptual Design Algorithm.

Step 1: The design parameters and constraints are determined.
Then, the required maximum angular velocities of links are
obtained according to the design parameters and constraints.
After that, the cubic and trapezoidal velocity profiles for
nominal and sudden stop simulations are created. Finally, the
optimization cycle starts with minimum weight DC motors.
Step 2: Harmonic Drive gearboxes that cannot comply with the
desired velocities are eliminated from the library. Then,
gearboxes, which are very big or small compared to the selected
motors, are again eliminated roughly. This is just a rough
elimination that provides less optimization time. To illustrate, if
the motor’s stall torque (maximum torque capability) is smaller
than the gearbox’s TN torque limit (minimum torque limit in
the catalogue), it means that the motor is too small compared to
the gearbox, and vice versa. After all eliminations, the rest are
listed by weight and the cycle continues with the minimum
weight.

Step 3: In this step, the minimum thicknesses of links are
selected. The inner diameters are determined according to the
average diameters of gearboxes. Then the variable dependent
Simmechanics environment is created in pursuant of the whole
data of motors, gearboxes, and the structure. Finally, the first
dynamic simulation based on rigid body dynamics is performed.
After simulation, motor’s nonlinear torque-rpm (z,, vs n) curves
are created via curve fitting method. These curves are then
compared with the simulation results (z5, vs n) by considering
the M,; (motor’s safety factor). If the whole motors have
sufficient capacity, cycle continues with step 5. If not, cycle
continues with step 4 and returns to the beginning of the cycle.
Step 4: The insufficient motor or motors are changed with the
next one and cycle is started again.

Step 5: This step checks whether gearboxes are sufficient for
nominal operation. The torque limit values of harmonic drive
gearboxes "Tg, T4 and Ty" are compared to the simulation
results. Since the harmonic drives can resist momentarily higher
than these limits, additional safety factor is not used. Then the
angular deflections of gearboxes are calculated by using the
torques of simulation results along with harmonic drive
gearboxes’ s torsional stiffness torques and torsional stiffness

values "T1, T2, K1, K2, K3". After that, they are compared
to constraint of permissible twist angle limits (8 ‘arc-min’) of
gearboxes. Then, it is determined that the gearboxes are
sufficient or not. Finally, if all of them are sufficient, cycle
continues with Step 7. If at least one of the gearboxes is not
sufficient, cycle continues with the Step 6 and returns to the
beginning of the cycle.

Step 6: The insufficient gearbox or gearboxes are changed with
the next one and the algorithm goes to the beginning of the
cycle.

Step 7: In this step, the structure of the arm is evaluated. To
observe deflections of links during the motion, the flexible
dynamic simulation environment is created by using the lumped
parameter method. In this method, each link is divided equally
into sub-links in a finite number. In this study, each link is
divided into 5 equal sub-links as shown in Figure 4. Then, each
sub-link is connected via spherical joints. Finally, the spring
coefficients of sub-links are calculated via Equation 1 and
defined into the spherical jointsi

Figure 4. Meshed link.
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After running the flexible dynamic simulation in Simulink, the
actual tip points during the motion can be obtained. Then, the
differences between actual (flexible) and desired (nonflexible)
tip points during the motion are calculated. Finally, the
maximum difference gives the maximum dynamic error during
the motion. That error is compared to the related constraint
(eTTaynamic)- 1f the error is greater than the constraint, it must be
determined which link has the maximum effect on tip point
error. To find this, tip points of each link are sensed relative to
their own bases in flexible dynamic simulation via body sensor
property in Simmechanics. Figure 5 shows the deflections of
links and angular errors "6,,.; ,8..2 ,0.3" can be calculated by
using equation 2 and 3.
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Figure 5. Deflections of links.
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An extra virtual motor is added into the first link to observe the
deflection effect of first link on tip point error. Then, the virtual
DH parameters are obtained with respect to the new virtual 4
DOF robot manipulator as seen in Figure 6.

Firstly, the first link is accepted as flexible, and the others are
accepted as rigid ( Opppp = 0, 0,3 = 0). Therefore, the first
link becomes a single flexible part of the manipulator. Finally,



the tip point error that occurs because of the only first link is
calculated via virtual DH parameters.

The same calculation is repeated for the other two links and their
effects on tip point error are obtained. Then, it can now be
determined which link is the most effective on the tip point
error. Finally, that link is selected to increase its thickness. The
next step is determining the total tip point deflection while the
manipulator is static in a horizontal position as seen in Figure 7

-4

0 -
X0-X]
7y Y2
X
a
73 Y3
& a3
P o
i |
Xy

Figure 6. Virtual 4 DOF robot manipulator configuration.

A horizontal position is selected while computing static
deflection because this position is the worst case for static
deflection. Then, this static tip point error is compared to the
related constraint (er7gqeic)- If the error is greater than the
constraint, related link which has maximum effect on tip point
error is calculated as in dynamic tip point error e, calculation.
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Figure 7. 3 DOF robot manipulator horizontal position.

As shown in the below side of Figure 7, the links are separated
from each other, and all static forces are marked. They are
accepted as a beam attached to a wall. The forces
“FBistatic) FBastatic and FBggqric" imply the weights of the
links. The forces “FCistqtics FCastatic and FCzgparic”  are the
internal forces that contain payload and weights of motors,
gearboxes, links. Then the static deflections "ds; , 3" of the links
are calculated by using Equation 4. Static angular errors
"Os_err; 53" that occur because of deflections are calculated
with equation 5.
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The next step is determining the static tip point error (e, ). To
obtain this, the actual (flexible body) tip point is calculated via
forward kinematic equation including static angular errors

"Os_erry,3". The difference between actual and desired tip
point gives the tip point static error. The desired tip point is also
the horizontal position “[0; 0; (d1 + a2 + a3)]”. Finally, the
tip point static error is compared to related constraint which is
the maximum permissible static tip point error (errgqeic). If
the error is greater than the constraint, it must be determined
which link has the maximum effect on the tip point error. The
same procedure in dynamic tip point error case is repeated.
Firstly, the first link is accepted as flexible, and the others are
accepted as rigid. (0S_grry = 0,05_gr3 = 0). The tip point
error that occurs because of only first link is calculated via
forward kinematic. The same calculation is repeated for other
two links and their effects on tip point static error are obtained.
Then, it can now be determined which link is the most effective
on the tip point error. Finally, that link is selected to increase its
thickness. If both dynamic and static tip point errors are lower
than the related constraints, the cycle continues with Step 9. If
not, cycle continues with Step 8 to increase thicknesses of
insufficient structures.

Step 8: This step is to increase the thickness of the related link
or links. If the selected to be increased links are same in both
dynamic and static situation, only the related link’s thickness is
increased with amount of “Increment of thickness (t;,.)”. If
they are different, the related two link’s thicknesses are
increased with amount of “Increment of the thickness (t;,.)”-
After increment, the cycle continues with Step 2 and returns to
the beginning of the cycle.

Step 9: This step checks whether gearboxes can endure in
sudden stop situation. The first dynamic simulation
environment which is based on rigid body motion is used.
Besides, the second velocity profile which is trapezoidal is
selected. The deceleration is increased to sudden stop maximum
deceleration (afsyqdqen)- After the dynamic simulation, the
necessary torques for each link are obtained and the maximum
necessary torques (Tpeqr) are selected. These torque values are
compared to gearboxes momentary peak torque limits -
Ty (Nm). If at least one of the maximum torque exceeds the
momentary peak torque limit Ty, (Nm), the cycle continues
with Step 10 and returns to the beginning of the cycle. If all
maximum torques are lower than momentary peak torque, the
cycle continues with Step 11.

Step 10: The insufficient gearbox or gearboxes are changed
with the next one and the algorithm goes to the beginning of the
cycle.

Step 11: This step means that the optimization for the desired
task is concluded. The objective function of this optimization
problem is obtaining the minimum weight robot design while
satisfying the design parameters and constraints. Besides, there
is no predetermined iteration number. The optimization cycle
continues until finding the desired solution. Since there is a one
objective function, the optimum solution is also unique.

IV. EXAMPLE CONCEPTUAL DESIGN RESULTS

To demonstrate the evolving conceptual design algorithm and
results, there is an example whose design parameters and
constraints are shown in Table 3 and Table 4 respectively. The
trajectories for nominal and sudden stop situations are shown in
Figure 8 and Figure 9 respectively.



TABLE 3 DESIGN PARAMETERS OF EXAMPLE OPTIMIZATION.

Desired robot workspace (dq, a,, as) (110,100,150) mm
Time to maximum speed (tM,,q,). 05s
Structure material (steel or aluminum) Steel
The initial thickness of links (¢;) 3mm
Increment of thickness () 0,5 mm

TABLE 4 CONSTRAINTS OF EXAMPLE OPTIMIZATION.
Joints max. cycle time (Eax.cycte) 1s
Safety factor for motor (0 < My, <1) 0,9
Maximum payload (M) 1000 g
Sudden stop max. deceleration (af syaden) 2
Max. Harmonic Drive permissible twist (6 yp ‘arc-min’) 10 arcmin|
Max. tip point error during motion (€17 gynamic) 1mm
Max. permissible static tip point error (errgqsic) 0,5 mm
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Figure 9. Sudden stop trajectory (trapezoidal velocity profile).

Figures 10 and 11 show the iterations of link thicknesses and,
total weights of the robot during the optimization process
respectively. In the optimization cycle, the drive-trains are
determined first according to the desired robot performance via
rigid body dynamic simulation. Then, the structure thicknesses
were determined to overcome the end point error via flexible
body dynamic simulation. However, after increasing the
thicknesses of the structures, the dynamic performance
decreases, and drive-trains become insufficient. Then, the drive-
trains are changed with a bigger one and returned to the
beginning of the optimization cycle. While returning, the
thicknesses of the structures are reset and start with minimum
thicknesses again. That is why there are sudden drops in Figure
10 and 11. Then, Figure 12 shows the necessary torques and
motor capacity curves in nominal operations for final optimum
design. As seen in Figure 12, necessary torques and motor
capacity rate is maximum 0,9 which is the safety factor of the
motor M .
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Figure 11. Total robot weight iterations.
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Figure 12. Necessary torques vs. motor capacity in nominal operation.

Figure 13 is obtained after a sudden stop dynamic simulation. It
shows the comparison of the necessary torques in a sudden stop
situation and Harmonic Drive momentary peak torque limit Tj,
for final optimum design. As shown in Figure 13, the selected
Harmonic Drive gearboxes are durable enough for sudden stop
deceleration. Then Figure 14 shows the tip point dynamic error
graphic for the final optimum design. The errors are lower than
the related constraint which is the maximum permissible tip
point error during motion "er7gynamic = 1 mm".
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Figure 13. Necessary torques vs. Harmonic Drive Ty torque limit in sudden
stop operation.



Then, Figure 15 and Table 5 show the final optimum robot
manipulator view and the general results of optimum conceptual

design respectively.
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optimization also decreases energy consumption. Integrated
optimization both provides an optimum design and decreases
the amount of time for the design. Especially, if the repeated
designs are needed for different sizes of a similar dynamic
system, an integrated design optimization that depends on
design parameters and constraints becomes very helpful for the
designer. It can also automatically design different sizes of the
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