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Abstract 

Automation advancements prompts the extensive integration of collaborative robot (cobot) across a range 
of industries. Compared to the commonly used design approach of increasing the payload-to-weight ratio of cobot 
to enhance load capacity, equal attention should be paid to the dynamic response characteristics of cobot dur-
ing the design process to make the cobot more flexible. In this paper, a new method for designing the drive train 
parameters of cobot is proposed. Firstly, based on the analysis of factors influencing the load capacity and dynamic 
response characteristics, design criteria for both aspects are established for cobot with all optimization design criteria 
normalized within the design domain. Secondly, with the cobot in the horizontal pose, the motor design scheme 
is discretized and it takes the joint motor diameter and gearbox speed ratio as optimization design variables. Finally, 
all the discrete values of the optimization objectives are obtained through the enumeration method and the Pareto 
front is used to select the optimal solution through multi-objective optimization. Base on the cobot design method 
proposed in this paper, a six-axis cobot is designed and compared with the commercial cobot. The result shows 
that the load capacity of the designed cobot in this paper reaches 8.4 kg, surpassing the 5 kg load capacity commer-
cial cobot which is used as a benchmark. The minimum resonance frequency of the joints is 42.70 Hz.

Keywords  Multi-objective optimization, Modular joint drive train design, Load capacity, Dynamic response 
performance

1  Introduction
The collaborative robot (cobot) represents a novel cat-
egory of robots specifically designed to physically inter-
act with humans in shared environments, eliminating the 
traditional barriers or protective cages found in conven-
tional robotics systems [1–3]. Possessing characteristics 

such as lightweight design, enhanced safety features, 
and simplified mechanisms for seamless human interac-
tion, cobot find widespread applications in processing, 
assembly, surgery, and rehabilitation. Comprising light-
weight linkages and modular joints, these components 
serve as the driving force for the cobot’s movements. 
Modular joints, as the driving components of cobot, have 
been extensively studied by numerous scholars due to 
their ability to achieve the unique performance of cobot 
through their drive train design.

Unlike the high load capacity characteristic of indus-
trial robots, collaborative robots have a relatively lower 
load capacity, which limits their scope of application. 
Reducing the weight of the cobot itself or increasing the 
load-to-self-mass ratio is an effective method to enhance 
the cobot’s load capacity. In this regard, many scholars 
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have conducted relevant work. An optimization objec-
tive that includes all the mass of motors and reducers is 
proposed by Zhou et al. [4–6], and the motors and reduc-
ers are selected by minimizing the objective. Yin et  al. 
research the hybrid structure cobot links and the drive 
train regression design to achieve the lightweight of the 
cobot [7–9]. With the development of cobot, more per-
formance is concerned. A multi-objective optimization 
function is proposed to reduce the mass and expand the 
workspace of the cobot [10]. The workspace and the mass 
of the cobot, including motors, gearboxes, and links, are 
combined with the scalarization method. Different from 
Ref. [10], Kawaharazuka et al. replace the workspace with 
manipulability, increasing flexibility while reducing the 
cobot mass [11]. The motor’s mass, the reducer’s mass, 
and the reducer’s cost are added to the objective function 
to design the drive train with the scalarization method 
of multi-objective [12]. Padilla-Garcia et  al. combine 
the total mass, tracking error, and the consumed energy 
to construct the optimal index, which is used to obtain 
comprehensive performance by configuring different 
motors [13]. The tracking error, manipulability, and con-
sumed energy are optimized by selecting the motors and 
reducers [14].

Recently, there has been an increased focus on dynamic 
characteristics, given that a high dynamic response is 
not only effective in suppressing vibrations but also cru-
cial for enhancing cobot compliance. This enhancement 
makes cobot safer for interaction with the environment 
and facilitates easier direct teaching and cooperation 
[15]. Du et  al. conducted optimization on manipulator 
geometrical parameters and reducer selection to maxi-
mize fundamental frequency and payload-to-self-mass 
ratio [16]. The design objective is a two-link system, 
where frequency improvement is considered by account-
ing for only the reducer’s stiffness and the manipulator’s 
weight.

The servo control variables of robots are generally the 
torque, position, or velocity of the motors. The dynamic 
performance of each joint is affected not only by output 
inertia and reducer stiffness but also by motor axis iner-
tia. Hence, it is imperative to adopt a more comprehen-
sive design approach for the joint drive train to enhance 
cobot dynamic performance. Additionally, the cobot’s 
load capacity, a critical indicator, must be taken into 
account in the design process—a factor frequently over-
looked by other designers.

In this study, optimization functions for both the 
dynamic response performance and load capacity of 
cobot are concurrently developed. The Pareto front is 
employed to select the optimal joint drive chain design, 
ensuring the overall performance of the cobot is maxi-
mized. To validate the effectiveness of the design method, 

a case study is conducted using a commercial collabora-
tive cobot with a 5-kilogram payload as the benchmark. 
The results indicate that this design method can simulta-
neously optimize the dynamic response performance and 
load capacity of cobot, achieving optimal performance.

This paper is organized as follows: Section  2 analyzes 
the drive train structure, encompassing the cobot and the 
modular joint. The dynamics of the joint are also exam-
ined in this section. Section 3 covers the motor’s design 
process, used for calculating the motor mass and rotor 
inertia. The optimization objective and design process 
are presented in Section 5, and a design example is imple-
mented to illustrate the validity of the design method. 
Finally, Section 5 provides the conclusion of the work.

2 � Drive Train Analysis of Modular Joint
2.1 � Cobot Structure Analysis
Figure 1 displays the commonly used types of cobot: six-
axis and seven-axis. In the seven-axis cobot, it is typical 
for the three joints near the base to form a spherical pair 
by inter-secting axes at a point, which is also observed in 
the terminal three joints, as depicted in Figure 1(a).

The six-axis cobot can generally be classified into two 
categories, without considering the bias between the 
joints. In the first category, joints 3 and 4 form the elbow 
of the cobot, with the axes of these two joints being verti-
cal, as illustrated in Figure 1(b). The second category fea-
tures one joint forming the elbow, while the fourth joint is 
positioned near the end effector, as shown in Figure 1(c).

The seven-axis cobot stands out for its high flexibility, 
making it suitable for obstacle avoidance. Conversely, 
the six-axis cobot exhibits higher stiffness and preci-
sion, making it more suitable for industrial applications 
[17]. The fundamental units consist of modular joints 
and lightweight thin-walled links, with the modular 
joint serving as the actuator that significantly influences 
the dynamic performance of the cobot [18–20]. Due to 
the typical structure and greater applicability of six-axis 

Figure 1  The configuration of cobot: (a) Configuration 
of the seven-axis cobot, (b) Six-axis cobot with two parallel axis 
configuration, (c) Six-axis cobot with three parallel axis configuration
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collaborative robots, the analysis and design are con-
ducted focusing on the joints of the six axes.

2.2 � Modular Joint Structure Analysis
Figure  2 depicts a typical modular joint, serving as the 
design example in this study. The components are con-
ventional, with the exception of the torque sensor, 
enhancing torque measurement accuracy. Typically, a 
harmonic reducer is employed, capitalizing on its fea-
tures of a substantial reduction ratio and low mass to 
enhance joint integration [21].

The torque sensor is positioned on the reducer’s output 
port, and the motor rotor is connected to the reducer’s 
wave-generator through a hollow shaft. A brake near the 
motor can secure the hollow shaft to bring the motor to a 
stop. The encoder gauges the position of the motor or the 
output flange of the joint. Moreover, two encoders are 
configured to measure position information from both 
the motor and output port. The driver oversees motor 
movement, transmitting information through the bus to 
the controller.

2.3 � Modular Joint Dynamic Analysis
The cobot is constructed with modular joints and light-
weight links in a serial configuration. The output torque 
of the joint can be computed using Eqs. (1) and (2). This 
torque comprises inertial torque, Coriolis torque, gravity 
torque, damping torque, and external torque. The damp-
ing torque is the aggregate of viscous friction torque and 
Coulomb friction torque [22].

In the equations, τ ∈ R
n represents the vector of joint 

output torque, M(q) ∈ R
n×n is the symmetric and pos-

itive-definite inertia matrix, C(q, q̇)q̇ ∈ R
n denotes the 

centripetal and Coriolis vector, g(q) ∈ R
n is the gravity 

vector, τ f ∈ R
n signifies the damping vector, τ ext ∈ R

n 
is the torque vector generated by the external forces and 

(1)τ = M(q)q̈ + C(q, q̇)q̇ + g(q)+ τ f + τ ext ,

(2)τ f = D · q + µ · sgn(q).

moments, D ∈ R
n is the viscous friction torque coeffi-

cient vector, and µ ∈ R
n is the Coulomb friction torque 

coefficient vector. q ∈ R
n , q̇ ∈ R

n , q̈ ∈ R
n represent 

position, velocity and acceleration vector of the joints. 
Superscript ’n’ denotes the number of joints. The exter-
nal forces and speeds can be transformed into joint space 
using the inverse Jacobian matrix in Eqs. (3) and (4):

In the equations, J ∈ R
n×6 represents the Jacobian 

matrix, F ∈ R
6×1 is the vector of external force and 

moment, and ẋ ∈ R
6×1 is the vector of endpoint speed.

The load and speed of the joint are crucial factors in 
selecting the harmonic reducer, ensuring compliance 
with the constraints specified in Eqs. (5) to (7). τ repre-
sents the reducer output torque, and τpeak is the maxi-
mum output torque of the reducer. q̇ denotes the joint 
speed, and q̇peak is the maximum output speed of the 
reducer. τrrms stands for the maximum mean torque of 
the reducer, and the joint mean torque τjrms must be less 
than this value.

The joint motor shaft rotational inertia Jm,k is expressed 
in Eq. (8), where Jrotor,k denotes the motor rotor rota-
tional inertia, and Jparts,k is the rotational inertia of vari-
ous components, encompassing the wave-generator, 
CNC-machined aluminum alloy shaft, bearing rota-
tion, and encoder rotation. Given the low density of the 
rotating component of the brake, its rotational inertia 
can be considered negligible. The variable subscript ’k’ 
refers to the k-th joint starting from the cobot base, and 
the subsequent descriptions of variables follow the same 
convention.

The transmission mechanism of the harmonic reducer 
involves the wave-generator pressing against the gear 
of the flexspline on the circular spline. The flexspline 
should be designed to be thin and soft compared to the 
gearbox. This design imparts softness to the harmonic 
reducer, and its flexibility should be taken into account in 
the dynamic modeling and control of the modular joint. 

(3)F = Jτ ext ,

(4)ẋ = J q̇.

(5)max |τ | ≤ τpeak ,

(6)max |q̇| ≤ q̇peak ,

(7)τjrms =

√

(1
/

t)

∫ t

0
τ 2j dt ≤ τrrms.

(8)Jm,k = Jrotor,k + Jparts,k .

Figure 2  Section view of a typical modular joint
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Illustrated in Figure 3, τm,k represents the motor torque 
applied by the stator to the rotor. bm,k is the damping 
coefficient of the motor shaft, influenced by the motor 
bearing and the harmonic reducer wave generator. Kk 
denotes the stiffness of the joint, which is the reducer 
stiffness if the joint lacks a torque sensor. bl,k is the damp-
ing coefficient on the joint output side, and Jl,k is the 
inertia of the joint output side.

The mathematical expressions are presented in Eqs. 
(9) to (12). Here θk represents the position of the motor, 
while θ̈k and θ̇k denote the acceleration and velocity of the 
motor, respectively. τmo,k is the effective torque transmit-
ted by the reducer from the motor, and Nk is the reduc-
tion ratio of the reducer τl,k and τext,k represent the 
torque applied to the link by the reducer and the exter-
nal force, respectively. qk signifies the position of the link, 
while q̈k and q̇k are the acceleration and velocity of the 
link, respectively.

Since the joint control primarily targets the motor, 
the transfer function from torque to motor velocity is 
derived, as presented in Eqs. (13) to (15). In this context, 
external forces act as disturbances, and the damp torque 
is negligible, allowing it to be disregarded.

The two-inertia system exhibits resonance frequency 
and anti-resonance frequency, depicted in Eqs. (16) and 
(17), especially when the damping coefficient is small. 

(9)τm,k = Jm,k θ̈k + bm,k θ̇k + τmo,k ,

(10)Kk(θk/Nk − qk) = τl,k ,

(11)Nk · τmo,k = τl,k ,

(12)τl,k = Jl,k q̈k + bl,k q̇k + τext,k .

(13)
θ̇k(s)

τm,k(s)
=

sN 2
k (Bk + Kk)

N 2
k AkBk + Kk(N

2
k Ak + Bk)

,

(14)Ak = Jm,k s
2 + bm,k s,

(15)Bk = Jl,k s
2 + bl,ks.

The resonance frequency indicates that the joint expe-
riences intense vibration, while the anti-resonance fre-
quency implies that the motor cannot effectively execute 
instructions from the driver. Consequently, the joint may 
become uncontrollable at these specific frequencies.

The transfer function exhibits zeros and poles at ωARF ,k 
and ωNTF ,k . Given that a higher resonance frequency 
allows for greater control bandwidth, thereby enhancing 
dynamic performance [23], one of the design objectives 
for the cobot is to increase the resonance frequency.

3 � Motor Design Process
Considering that the motor’s mass impacts the inertia of 
other joints and the cobot’s lifting capacity, and the shaft 
inertia influences the resonance frequency, the motor 
design process is thoroughly examined to identify the 
optimal design scheme. This section primarily focuses 
on the motor design process concerning mass and rotor 
inertia.

3.1 � Constraints of Torque and Speed
The motor’s rated torque is contingent on the reducer, 
with a larger reduction ratio requiring less torque. Eqs. 
(18) and (19) represent the peak load and the rated load, 
respectively, where ηk is the reducer efficiency at 55 ℃ 
and 2000 r/min rated input speed.

The motor speed must adhere to the constraint out-
lined in Eq. (20) to ensure that the joint speed is adequate.

3.2 � Constrains of Power Supply
The joint functions as a servo system configured with 
a driver, which propels the motor in accordance with 
commands from the controller. Since the driver oper-
ates in space vector pulse width modulation (SVPWM) 
mode [24, 25] the motor voltage must adhere to Eq. 

(16)ωNTR,k =

√

Kk(Jl,k + N 2
k Jm,k)

N 2
k Jm,k Jl,k

,

(17)ωARF ,k =

√

Kk

Jl,k
.

(18)

∥

∥τm,k

∥

∥

∞ = max

∣

∣

∣

∣

Jm,kNk q̈k + bm,kNk q̇k +
τl,k

Nk · ηk

∣

∣

∣

∣

≤ τmp,k ,

(19)
∥

∥τm,k

∥

∥ =

√

1

t

∫ t

0
τ 2m,kdt = τmc,k .

(20)θ̇k = Nkq̇k ≤ θ̇rated,k .

Figure 3  Dynamics model diagram of modular joint
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(21). Here, Vrated represents the bus voltage, the Vlost is 
the lost voltage on the driver, and uph and uphmax denote 
the phase voltage and the maximum phase voltage, 
respectively.

The current at the operating point must conform to 
Eq. (22), where iq,k represents the cross axis, and Irated,k 
is the root mean square (RMS) of the motor’s rated 
current.

3.3 � Calculation of Motor Mass and Rotor Inertia
Motor design encompasses various parameters, includ-
ing both dimensional and electromagnetic aspects. 
In this paper, the design work primarily focuses on 
the motor’s dimensions to calculate mass and inertia. 
Illustrated in Figure 4, the motor consists of the stator 
steel, armature, rotor, magnets, and yokes, all assem-
bled together. The rotor’s inner and outer diameters are 
denoted by d1,k and d2,k respectively, while the stator’s 
inner and outer diameters are D1,k and D2,k . The param-
eters t1,k , t2,k , t3,k , t4,k , t5,k , t6,k , they are teeth height, 
pole boot height, teeth width, slot depth, the yoke 
width of the stator, and the width of the notch, respec-
tively. The magnet steel width is bmg ,k , and its thickness 
is lm,k . The length of the air gap is denoted by lg ,k , and 
the stator’s thickness is lk , representing the depth in the 
vertical straight direction on the paper. The motor shaft 
is designed to be hollow to facilitate routing and reduce 
mass. The variable in motor design is the motor length, 
with other parameters changing correspondingly based 
on the motor length.

(21)uph ≤ uphmax =
√
3

3
(Vrated − Vlost).

(22)iq,k =
√
2Irated,k .

Eq. (23) can be used to calculate the width of the magnet 
bmg ,k , where ts,k is the polar arc coefficient, and pk repre-
sents the number of polar pairs.

The electromagnetic parameters are computed as 
follows:

where kl,k is the magnetic leakage factor, kc,k is the Carter 
factor, tse,k is the equivalent air gap length, Bg ,k is the air 
gap magnetic density, φl,k and κk are the intermediate 
variables, zk is the teeth number, Bdw,k and Bstl,k are mag-
netic flux density of the stator steel and the rotor yoke, 
Ldw,k and Lstl,k are the length of the magnet path, µrdw,k

, µrstl,k , and µr are the relative permeability of stator steel, 
rotor yoke steel and the magnet steel. The length of the 
motor can be calculated using Eq. (30), and the area of 
the slot is given by Eq. (32):

where Wrated,k is the rated power of the motor, nrated,k is 
the motor rated speed, Nph,k is the phase turns number, 
kw,k is the winding factor, Sslot,k is the single slot area, and 

(23)bmg ,k =
πd2,k

2pk
ts,k .

(24)kl,k = 1−
7pk/30− 0.5

100
,

(25)κk =
(t6,k/lg ,k)

2

4.4 + 0.75(t6,k/lg ,k)
,

(26)kc,k =
πD1,k

πD1,k − 2pkκk lg .k
,

(27)tse,k =
π(2lg ,kkc,k + d2,k)

zk
,

(28)φl,k =
Br,k lm,k

µr
+ Bdw,kLdw,k

µrdw,k
+ Bstl,kLstl.k

µrstl,k

lm,k

µrbmg ,k
+ lg ,k kc,k

tse,k

,

(29)Bg ,k =
φl,k

tse,k
,

(30)lk = πWrated,k/(6iqnrated,kpkNph,kkw,k tse,kBg ,k),

(31)

Sslot,k =
π t4,k(D1,k + 2t1,k + 2t2,k + t4,k)

2

zk
− t3,k t4,k ,

(32)lR,k = 6Nph,k(lk + t3,k),

Figure 4  Motor dimension design illustration
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lR,k is the winding copper wire length of single phase. The 
mass of the motor is calculated below:

Here, mmag ,k represents the mass of a single mag-
netic steel, msteelr,k is the rotor mass, msteel,k is the sta-
tor steel mass, mcopp,k is the mass of all the copper wire, 
and mall,k is the total motor mass. ρsteel and ρcopp are the 
density of the steel and the copper. dk is the diameter 
of the copper wire. The motor rotor inertia is then pre-
sented below:

4 � Optimization Design and Result Analysis
4.1 � Cobot Optimization Strategy
To enhance the cobot’s load capacity and increase flex-
ibility in human-cobot interactions, this study focuses 
on designing the modular joint drive train to optimize 
the comprehensive performance of load capacity and 
dynamics. Constructing a comprehensive performance 
evaluation index poses a challenge, given the varying load 
capacity and dynamic parameters with changes in cobot 
pose. The attributes of these two indicators are inconsist-
ent, leading to controversy in constructing the evaluation 
index.

To address this challenge, the proposed design method 
in this work adopts a multi-objective optimization 
approach. Two optimization indices are constructed 
independently, and the Pareto method is employed to 
determine the optimal design parameters.

(33)mmag ,k = bm,k lm,k lkρmag ,

(34)
msteelr,k =πρsteel lk

[

(

d2,k

2
− lm,k

)

−
d2
1,k

4

]2

+ 2pkmmag ,k ,

(35)tinter,k = t1,k + t2,k + t4,k + t5,k ,

(36)
msteel,k =ρsteel,k [π lk(D1,k + tinter,k)

tinter,k − lkSslot,kzk ],

(37)mcopp,k = 3π

(

dk

2

)2

lR,kρcopp,

(38)mall,k = mcopp,k +msteels,k +msteel,k .

(39)Jrotor,k =
msteelr,k

2

(

d21,k + d22,k

4

)

.

Regarding the construction of optimization design 
indices, we formulate the indices when the robot is in a 
horizontal pose, which is shown in Figure  5, where the 
output force at the end effector of the robot is minimized. 
The optimization indices are outlined below.

4.1.1 � Optimal Objective
Given the inter-joint load effects and the influence of the 
control algorithm on end effector dynamic character-
istics, this study utilizes the minimum value of all joint 
resonance frequencies in the horizontal pose to formu-
late the dynamic performance function, as depicted in 
Eq. (41) Here, ω represents the vector of joint resonance 
frequencies which is shown in Eq. (40), and min(ω) is the 
minimum value within the vector. ωNTR,n is the resonance 
frequency of the nth joint, and n is the number of the 
joints. Additionally, ωmax and ωmin represent the maxi-
mum and minimum values, respectively, of all min(ω) 
set values, serving as the boundaries of the value range 
in the design domain. As the resonance frequency con-
tains information of anti-resonance frequency, and the 
dynamic performance of the robot is related to the inertia 
of the motor axis, this work utilizes resonance frequency 
to construct optimization indices. In this work, the end 
effector mass is also a crucial factor for optimization, 
calculated as the nominal load in the industry divided 
by gravitational acceleration. Therefore, Eq. (41) normal-
izes the resonance frequency, where a larger fd(x) implies 
superior dynamic performance for a cobot. Here, x rep-
resents the vector of design variables, and ω is the func-
tion of the vector x.

(40)ω = [ωNTR,1,ωNTR,2, · · · ,ωNTR,n],

(41)fd(x) =
min(ω)− ωmin

ωmax − ωmin
.

Figure 5  Six-axis cobot of the optimization case
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The load capacity performance function, fl(x) is pre-
sented in Eq. (42), where Fuplift represents the uplift force 
at the end effector, also being a function of vector x. Fmax 
and Fmin denote the maximum and minimum values of 
Fuplift within the design domain, respectively. Equation 
(42) normalizes Fuplift , and a higher value of fl(x) indi-
cates superior load capacity for a cobot.

Ensuring not only load capacity optimization but also 
the maximization of joint output torque is crucial. To 
achieve this, the joint motor’s rated torque is calculated 
based on the reducer’s maximum average load, and the 
rated speed is set accordingly. Employing a high torque 
density design approach for the motors reduces joint 
mass, thereby enhancing the cobot’s load capacity [26, 
27]. Consequently, for identical output torque and speed, 
the motor design can be determined by the air gap diam-
eter [28] as the high torque density design approach of 
motor makes that only one variable is allowed between 
length and diameter.

In this study, the outer diameter of the motor rotor is 
selected as the optimal design variable. Hence, vector x is 
a function of each joint motor rotor outer diameter and 
the joint reduction ratios, as illustrated in Eq. (43):

4.1.2 � Constraints
All the formulas from Eqs.  (1) to (39) represent con-
straints, encompassing joint dynamics and the motor 
design process. Additional constraints are outlined in 
Eq. (44), where [d2,kmin, d2,kmax] defines the range for the 
kth joint motor rotor outer diameter. {N1,k ,N2,k , · · · ,Ny,k} 
signifies the reduction ratio vector of the kth joint, where 
y is the number of reduction ratios. M(q)(k,k) denotes the 
inertia of the cobot converted to the kth joint. Kk repre-
sents the stiffness of the kth joint, constituting the kth 
parameter of the stiffness vector K(k). n is the total num-
ber of joints.

(42)fl(x) =
Fuplift − Fmin

Fmax − Fmin
.

(43)x = f (d2,1, d2,2, · · · , d2,n,N1,N2, · · · ,Nn).

(44)

4.1.3 � Optimization Strategy
The enumeration method is employed for optimizing the 
objective function, mitigating the risk of being trapped 
in local optima and simplifying the analysis of the design 
process. Given the computational intensity of motor 
design, discretizing the motor design scheme proves 
beneficial to enhance the optimization design speed. The 
specific optimization steps are as follows:

Step 1: Establish the configuration and dimensions 
of the links. Additionally, identify the type of harmonic 
reducer and input its parameters, encompassing mass, 
wave generator rotational inertia, sets of reduction ratios, 
stiffness, rated load, and speed.

Step 2: Preliminarily determine the size of the joint 
structure. Design the motor considering the constraints 
of joint size, the rated load, and speed of the reducer, 
establishing the design range for the motor. Discretize 
the design range for the motor rotor’s outer diameter.

Step 3: Employ the enumeration method to compute 
ωmax and ωmin , Fmin , and Fmax adhering to the constraints 
specified in Eq. (44).

Step 4: Calculate fd(x) and fl(x) using the enumeration 
method, and ascertain the optimal design scheme by ana-
lyzing the Pareto front.

4.2 � Optimization Case
4.2.1 � Preliminary Design
The optimization design method is employed to design 
a six-axis cobot, as illustrated in Figure  5. The configu-
ration of the six-axis cobot is depicted in Figure  1(b), 
with the fourth joint positioned close to the third joint 
to enhance the cobot’s load capacity. Considering fac-
tors such as product appearance design, manufactur-
ing, and comparison with commercial cobot, this cobot 
is equipped with only three types of joints. Specifically, 
joint 1, joint 3, and joint 5 are identical, while joint 2, 
joint 4, and joint 6 share similarities, with slight offsets 
introduced in joint 6 to simplify the machining process. 
Therefore, in the worst-case scenario pose, the optimiza-
tion design of joint 2, joint 3, and joint 5 becomes critical 
in the cobot’s design.

Building on the aforementioned analysis, the prelimi-
nary design and 3D modeling of the cobot are conducted, 
with a benchmark against a 5 kg load capacity industrial 
cobot. The density and dimensional parameters closely 
approximate those of the real prototype, ensuring that 
the physical parameters are accurate enough for the 
design optimization.

Joint 1 and joint 2 are fitted with the HSG-25 reducer 
model, while joint 3 and joint 4 utilize the HSG-20 
reducer model. Joint 5 and joint 6 are equipped with the 
HSG-14 reducer model.
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The initial parameters are presented in Table  1. Here, 
L1 signifies the length of Link 1, while L2 represents the 
length of Link 2. Additionally, L3 indicates the distance 
from the axis of joint 5 to the center of mass of the end 
effector. Lg1 and Lg2 correspond to the distances from the 
axes of joints 1 and 3 to the centers of mass of Links 1 and 
2, respectively. M is the mass of the end effector, serving 
as a reference for the 5 kg load capacity of a commercial 
cobot. Furthermore, M1 and M2 denote the mass values 
of Link 1 and Link 2, respectively. g is the gravitational 
acceleration. Lastly, Mj,1 represents the mass value of the 
kth joint component, excluding the joint rotation shaft 
components, while Jwg ,k signifies the rotational inertia of 
the wave generator of the kth joint harmonic reducer.

4.2.2 � Setup of the Boundary
The initial joint design establishes the parameters for 
motor design, as expressed in Eq. (45). These constraints 
en-compass the range of the motor rotor’s inner diam-
eter, the motor stator’s outer diameter, the motor length, 
the reducer’s rated torque, the motor’s rated velocity, and 
the high-torque -density design approach for the motor.

The viable motor design space is investigated by 
adhering to the constraints outlined in Eq. (45), and the 

(45)s.t.,







































30 ≤ d1,2 ≤ D2,2 ≤ 88,

22 ≤ d1,3 ≤ D2.3 ≤ 70,

16 ≤ d1,5 ≤ D2,5 ≤ 50,

l2 ∈ (0, 50], l3 ∈ (0, 50], l5 ∈ (0, 50],
τmc,2 = 140, τmc,3 = 64, τmc,5 = 12,

θ̇2 = θ̇3 = θ̇5 = 314.

resultant feasible design options are illustrated in Fig-
ure 6. The design of these motors emphasizes high torque 
density, entailing the imposition of various constraints 
throughout the design procedure. Key factors influencing 
the motor specifications include the rated torque, rated 
speed, and distinctive dimensions.

In this investigation, the chosen dimension variable 
is the motor rotor outer diameter ( d2,k ), with the rated 
torque and rated speed being determined by the rated 
parameters of the reducer. Figure 6(a), (b) and (c) illus-
trate the motor design spaces for joint 2, corresponding 
to reducer reduction ratios of 80, 100, and 120. Like-
wise, (d), (e) and (f ) display the motor design spaces for 
joint 3, featuring reducer reduction ratios of 50, 80, and 
100, while (g), (h) and (i) showcase the motor design 
spaces for joint 5, with reducer reduction ratios of 50, 
80, and 100. Figure 6 graphically represents the motor 
mass and the rotational inertia of the motor rotor.

The findings from Figure  6 reveal a positive correla-
tion between the motor rotor’s rotational inertia and 
outer diameter, while motor length and mass decrease 
with an increase in rotor outer diameter when the 
output torque and speed are constants. Constraints 
for motor diameter are outlined in Eq. (46), defin-
ing the limitations for optimal functions. Specifically, 
the range for d2,2 is from 44 mm to 58 mm, for d2,3 it’s 
from 32  mm to 42  mm, and for d2,5 it’s from 24  mm 
to 32  mm. Here, N2 , N3 , and N5 denote the reducer’s 
reduction ratios.

In this study, the stiffness value of the harmonic 
reducer is chosen from the middle section of the time 
varying stiffness, aligning with real industrial appli-
cations. The motor design process and the prelimi-
nary cobot design also serve as key components of the 
boundary conditions for the optimized design.

(46)s.t.,















































44 mm ≤ d2,2 ≤ 58 mm,

32 mm ≤ d2,3 ≤ 42 mm,

24 mm ≤ d2,5 ≤ 30 mm,

N2 ∈ {80, 100, 120},
N3 ∈ {50, 80, 100},
N5 ∈ {50, 80, 100},
K2 = 50000 , K3 = 25000 , K5 = 6100.

Table 1  Parameters of the six-axis cobot

Parameters Value Parameters Value

L1 524 mm Mj,2 3.3 kg

L2 407 mm Mj,3 2.1 kg

L3 100 mm Mj,4 2.1 kg

Lg1 283 mm Mj,5 1.1 kg

Lg2 215 mm Mj,6 1.1 kg

M 5 kg Jwg,2 0.42 kg·cm2

M1 1.6 kg Jwg,3 0.16 kg·cm2

M2 0.7 kg Jwg,5 0.11 kg·cm2

Mj,1 3.3 kg
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Figure 6  Motor design domains of the joint 2, 3 and 5: (a) The design spaces of joint 2 with N=80, (b) The design spaces of joint 2 with N=100, 
(c) The design spaces of joint 2 with N=120, (d) The design spaces of joint 3 with N=50, (e) The design spaces of joint 3 with N=80, (f) The design 
spaces of joint 3 with N=100, (g) The design spaces of joint 5 with N=50, (h) The design spaces of joint 5 with N=80, (i) The design spaces of joint 5 
with N=100
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4.2.3 � Optimization Process
The discretization of the motor design feasible solution 
can significantly enhance calculation speed. To achieve 
this, the variable d2,k is discretized with engineering 
precision. The discrete set for d2,2 includes {44, 46, 48, 
50, 52, 54, 56, 58}, d2,3 includes {32, 34, 36, 38, 40, 42}, 
and d2,5 includes {24, 26, 28, 30}. Consequently, there 
are a total of 5184 design solutions to be considered, 
accounting for the reduction ratio. The enumeration 
method is employed to identify the optimal solution, 
aiding in avoiding issues related to local optimality. The 
steps for this process are as follows.

Algorithm Enumeration

4.2.4 � Optimal Solution
The calculations indicate that ωmin is 27.55 Hz and ωmax 
is 42.78 Hz occurring at the 4969th and the 204th steps, 
respectively. Fmin is 75.17 N and Fmax is 82.56 N appear-
ing at multiple steps, indicating the presence of several 
optimal solutions. All the data of fd(x) and fl(x) are plot-
ted in Figures 7 and 8. 

The data presented in Figures  7 and 8 illustrate the 
presence of local optimal solutions for the function fd(x) 
and the periodicity of the function fl(x) . This observa-
tion suggests that the enumeration method is suitable 
for finding the global optimal solution for the drivetrain 
design. The maximum values of functions fd(x) and fl(x) 
occur before the 216th step in the process, with a focus 
on sections A and B during the analysis.

In section B, the data shows a growth trend in the form 
of bands. However, in section A, the data exhibits an 
increasing trend, except for the last band, which shows a 
downward trend. Consequently, the maximum values of 
the functions fd(x) and fl(x) do not coincide at the same 

Figure 7  Values distribution of the objective fd(x) 
in the optimization process

Figure 8  Values distribution of the objective fl(x) in the optimization 
process
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optimization point. The last two bands in sections A and 
B are specifically focused on and plotted in Figures 9 and 
10.

In Figures 9 and 10, C1 and C2 correspond to the 204th 
step of the optimization process, representing the opti-
mal values of bands A1 and B1. Similarly, D1 and D2 cor-
respond to the 216th step, signifying the optimal values 

of bands A2 and B2. However, the condition that C1 is 
larger than C2 and D1 is less than D2 introduces uncer-
tainty regarding the global optimal value. To address this, 
the Pareto front is plotted in Figure 11 using data from 
A1, A2, B1 and B2 to obtain the global optimal value.

The horizontal axis represents fd(x) , while the verti-
cal axis represents fl(x) in Figure 11. The ideal solution 
is represented by point I, indicating that functions fd(x) 
and fl(x) simultaneously achieve their optimum values. 
Therefore, the distance from the function values to point 
I(1,1) serves as a metric to evaluate the optimality of each 
design scheme, with the optimum design achieved when 
this distance is minimized. Intuitively, the optimum is 
reached at either C(C1, C2) or D(D1, D2), and the dis-
tance is calculated using Eqs. (47) and (48):

As �fd < �fl , it indicates that point D is the global 
optimum, which is reached at the 216th step, and the 
corresponding design results are shown in Table 2.

4.3 � Optimization Result Analysis
The design results indicate that the payload capacity of 
the cobot has reached the global maximum, and the opti-
mization function for the dynamic performance of the 
cobot is also close to its maximum value. During the opti-
mization process, due to the discrete nature of the speed 
ratio selection of the deceleration mechanism and the use 
of an enumeration method for optimization, the overall 
presentation shows discrete band characteristics, and 
there are local optimal solutions. In Figure  7, the three 
regions E, F, and G correspond to the speed ratios of joint 
2 in the optimization process, namely 80, 100, and 120. 
The starting segment of region F is higher than the end-
ing segment of region E, and similarly, the starting seg-
ment of region G is higher than the ending segment of 
region F. The starting segment of region E is identified as 
the globally optimal segment.

(47)�fd = |ID| = 0.0052,

(48)�fl = |IC| = 0.0153.

Figure 9  The last two bands of the section A

Figure 10  The last two bands of the section B

Figure 11  The Pareto front of the optimization

Table 2  Result of the optimization

Variable Value Variable Value

N2 80 mall,2 0.965 kg

N3 100 mall,3 0.385 kg

N5 100 mall,5 0.118 kg

d2,2 44 mm Jrotor ,2 0.748 kg·cm2

d2,3 42 mm Jrotor ,3 0.275 kg·cm2

d2,5 30 mm Jrotor ,5 0.039 kg·cm2
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The optimized results show that the reducer’s reduc-
tion ratio selected for joint 2 is the largest in the set. The 
corresponding motor resulting from optimization has 
a relatively large length-to-diameter ratio, larger mass, 
and small rotor rotational inertia. For joints 3 and 5, the 
reducers’ reduction ratio is the largest in the set. The 
motor selected through optimization has a small mass 

and a larger shaft rotational inertia. The motor design 
results are indicated by the red stars in Figure 6.

Figure 12 displays a distribution plot of min(ω), dem-
onstrating a similar partition trend to the function fd(x) . 
However, its vertical axis represents the actual values of 
min(ω). The maximum value of min(ω) is 42.78 Hz, and 
the minimum value is 27.55 Hz.

The resonance frequency of each joint is crucial for the 
overall dynamic characteristics of cobot. Therefore, the 
distribution of resonance frequencies for the joint 2, 3, 5 
of the cobot is studied in the design state during the opti-
mization process, as shown in Figures 13, 14, 15.

Figure 13 illustrates that the maximum resonance fre-
quency of joint 2 is 42.78 Hz at the 216th step, while the 
minimum resonance frequency is 27.55 Hz at the 4969th 
step. Moving to Figure 14, it presents the data of joint 3 
resonance frequency, with the maximum value reaching 
78.09 Hz at the first point of each band and the minimum 
value 42.60  Hz at the 205th step. The 216th step value 
is 42.70  Hz which is the optimization result. Similarly, 
Figure 15 provides data for joint 5 resonance frequency, 
where the maximum value is 84.28 Hz at the first point of 
each band and the minimum value is 64.24 Hz at the last 
point of each band. Consequently, the last band in sec-
tion H of Figure 12 represents data for joint 3, while the 
remaining data corresponds to joint 2.

Analyzing diagrams 13, 14, and 15, we can observe 
that the resonance frequency of joint 3 is almost entirely 
higher than that of joint 2. Additionally, for joint 5, its 
resonance frequency is mostly higher than that of joint 
3. Therefore, for cobot, joints closer to the base have the 
most significant impact on the overall dynamic perfor-
mance of the cobot. The optimal joint drive train scheme 
is achieved at step 216th, where the resonance frequency 
of joint 2 is at its maximum, while the resonance frequen-
cies of joints 3 and 5 are at their minimum.

Figure 12  Values distribution of min(ω) in the optimization process

Figure 13  Values distribution of the joint 2 resonance frequency 
in the optimization process

Figure 14  Values distribution of the joint 3 resonance frequency 
value in the optimization process

Figure 15  Values distribution of the joint 5 resonance frequency 
value in the optimization process
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Figure 16 is the value of the cobot lifting force. It can 
be observed that the cobot’s maximum lifting force is 
82.56  N, and the minimum lifting force is 75.17  N. The 
maximum value is achieved at the 216th step of the opti-
mization process. The maximum value is 10% greater 
than the minimum value.

The optimized results indicate that successfully 
improving the cobot’s load capacity is achieved by reduc-
ing the mass of joints 3 to 6. This reduction enables the 
joints to exert greater external force while simultane-
ously increasing the resonance frequencies of joints 2 
and 1, thereby enhancing the cobot’s dynamic response 
performance.

Considering that the resonance frequency distribution 
band of joint 2 is the lowest among joints 2, 3 and 5, the 
optimization design process selects a scheme for joint 
2 with the maximum resonance frequency. However, 
this choice involves a trade-off, as it sacrifices the opti-
mal resonance frequencies of joints 3 and 5 to enhance 
the cobot’s load capacity. Based on the optimized design 
results, a cobot prototype is produced and shown in 
Figure 17.

To effectively demonstrate the effect of the optimized 
design, this study compares its results with the param-
eters of commercial cobot, as listed in Table 3.

Due to the unavailability of dynamic characteristic 
parameters for commercial cobot, the comparison in this 
study is limited to load capacity, self-weight and work-
ing radius parameters, which are used to illustrate the 
cobot load performance. Given that the design case in 
this study aligns with commercial 5 kg payload cobot, a 
comparison is conducted with UR5e [29] and AUBO-i5 
[30]. From Table 3, it can be seen that the design case has 
the maximum payload, and the largest working radius. 
Therefore, the cobot’s load capacity in the design case is 
superior, indicating the effectiveness of the design.

5 � Conclusions
The lightweight structural design results in a rela-
tively lower load capacity for the cobot. Simultaneously, 
enhancing the dynamic response characteristics of cobot 
is crucial for improving human-robot collaboration per-
formance. Therefore, this study focuses on optimizing the 
overall performance of the cobot in terms of load capac-
ity and dynamic response characteristics through the 
design of the joint transmission system. The conclusions 
are summarized as follows:

(1)	 Using joint resonance frequency and cobot load 
capacity to construct optimization indicators, 
and applying the Pareto frontier to optimize the 
joint transmission system, can achieve the optimal 
comprehensive performance of cobot’s dynamic 
response and load capacity.

(2)	 The design process reveals that joints near the 
base have the lowest resonance frequency design 
domain. Therefore, it is necessary to concentrate on 

Figure 16  Values distribution of Fuplift in the optimization process

Figure 17  The prototype of cobot design case

Table 3  Parameter Comparison table of relevant benchmark 
commercial robots

Model Payload (kg) Self-weight (kg) Working radius (mm)

UR5e 5 18.4 850

AUBO-i5 5 24 886.5

Design 
case

8.4 19.9 1031
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designing the drive train for these joints to enhance 
the cobot’s dynamic response characteristics. The 
design results indicate that joints near the base are 
best suited for the adoption of harmonic reduc-
ers with a small reduction ratio and motors with 
low rotor inertia, which helps improve the cobot’s 
dynamic response characteristics.

(3)	 For joints far from the base, their drive train need 
to adopt harmonic reducers with a large reduction 
ratio and lightweight motors to enhance the cobot’s 
load capacity.

(4)	 Compared to commercial cobot, the cobot in this 
design case has higher load capacity.

Based on the analysis above, the method proposed in 
this work can enable cobot to achieve optimal integra-
tion of load and dynamic response characteristics. This 
method is versatile, applicable not only to six-axis collab-
orative robots but also suitable for designing seven-axis 
collaborative robots and other electromechanical devices
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