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Abstract:    Symmetry breaking phenomena exist in many mechanical products. Based on an analysis of the variation in physi-
cal features in several design examples, mechanical symmetry breaking concept systems that consist of general requirements, 
working principles, and cross-scale mechanical structures are established from the macro to micro levels and in both machine 
assembly and the design of parts. The connection between symmetry breaking and product requirements is systematically stud-
ied. Eight design principles using symmetry breaking to achieve mechanical functions, performance, and constraints are pro-
posed. The method and process of applying symmetry breaking in mechanical concept design are described. These principles, 
method, and process are then used in the concept design of a gear chain. With symmetry breaking characters, the transmission 
stability of the newly innovated gear chain is greatly improved, compared with traditional ones. 
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1  Introduction 
 

The symmetry breaking phenomenon plays an 
important role in many disciplines, and has drawn 
the attention of many scholars. 

In biology, the example of the skull of flatfish 
was used to reveal the symmetry breaking phenome-
na of biological organs in the process of evolution 
caused, in this case, by the asymmetry of the ocean 
floor environment (Friedman, 2008). Saxena (2015) 
pointed out that symmetry breaking in the structure 
of any biological system is caused by either natural 
or man-controlled factors. Natural symmetry break-
ing reflects the complexities of biological systems, 

their organizational adaptations, and their mecha-
nisms at cellular levels, while the controlled sym-
metry breaking of cells focuses on cell migration, 
morphogenesis, self-organization, and soluble and 
insoluble cues. 

In the field of material structures, Xia and Xia 
(2012), for the first time, directed the growth of 
nanocrystal seeds and broke the symmetry of a face 
center cubic (FCC) lattice by incorporating a series 
of new shapes. Thus, nanocrystals with highly un-
symmetrical shapes were obtained. Dong et al. (2012) 
obtained a transparency window within the absorp-
tive dipole resonant regime by slightly reducing the 
translational symmetric arrangement of a dipole-like 
bar grating covered by a wave-guiding layer. 

In the 3D image detecting and data processing 
fields, Angelo and Stefano (2013) proposed a new 
method capable of identifying the symmetry plane of 
human face. Their method is quite insensitive to lo-
cal asymmetries, and is also repeatable and slightly 
conditioned by the acquisition process.  
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In the field of engineering design and manufac-
ture, Várkonyi (2006) pointed out that, in most cases, 
a small perturbation of the symmetry design of archi-
tectural forms and structures will yield an imperfect, 
i.e., worsened, structural configuration. However, in 
some cases, the imperfect symmetry design of archi-
tectural forms and structures emerges as an optimal 
design compared with their symmetric counterparts. 
Ge et al. (2011) found that the vibration of bridge 
structures is induced by symmetry breaking, which 
often leads to accidents. The TRIZ created by 
Altshuller proposed that replacing a symmetrical 
form with an asymmetrical form of the object can 
eliminate conflicts in the system (Silverstein et al., 
2007). Suh (2004) proposed a minimum information 
axiom in axiomatic design theory, and claimed, by 
using symmetry structure as much as possible, to 
minimize the information need and reduce the design 
parameters. Despite Suh (2004)’s and Altshuller’s 
efforts, the concept of symmetry breaking is not 
even mentioned (Hou and Xu, 2015). By analyzing a 
planetary gear train (PGT)’s graph and Hamming 
matrix representation, Rajasri et al. (2014) found 
that greater symmetry of a PGT results in more 
structural arrangements. However, they did not men-
tion the necessity of the existence of symmetry 
breaking, i.e., asymmetrical structures within PGT. 
Masoumi et al. (2015) made a complete analysis of 
the dynamics of planetary gears and verified that the 
chaotic response indicates symmetry breaking in the 
dynamic systems. In the design for assembly (DFA) 
field, Boothroyd (2009) analyzed the effect of the 
symmetry of parts on their assembly efficiency, and 
two design rules were proposed: (1) try to design 
parts as symmetrical structures to save orienting ma-
nipulation; (2) increase asymmetry features of parts 
to assist orienting manipulation when parts cannot be 
designed as symmetrical structures. 

Although there are a number of design cases of 
symmetry breaking structures, few references in the 
mechanical design field have systematically studied 
or proposed the concept and classification of me-
chanical symmetry breaking, not to mention the ex-
traction and summarizing of working principles of 
symmetry breaking in mechanical engineering and 
the laws of their application in design. 

Based on the analysis of more than 1000 design 
instances, the concept of mechanical symmetry 
breaking is established in this study. A series of con-

cepts, including the space-time symmetry breaking 
concept of general requirements, the space-time 
symmetry breaking concept of working principles 
and the symmetry breaking concept of structures, are 
proposed. Rules for using symmetry breaking to sat-
isfy product requirements are then extracted. Finally, 
the method and processes of applying symmetry 
breaking are proposed, and an instance of product 
innovation using symmetry breaking is given. 

 
 

2  Definition and classification of mechanical 
symmetry breaking based on physical  
features 
 

Machinery refers to the instruments created by 
humans to meet their needs in terms of functionality, 
performance, and constraints based on physical laws. 
Symmetry, symmetry breaking, and asymmetry are 
universal features of mechanical products. Based on 
physical features, mechanical symmetry breaking 
can be classified into three levels, i.e., the mechani-
cal general requirement symmetry breaking, working 
principle symmetry breaking, and cross-scale struc-
ture symmetry breaking. 

2.1  Definition and classification of mechanical gen-
eral requirement space-time symmetry breaking 

Mechanical general requirement space-time 
symmetry breaking refers to the objective require-
ments which possess features of symmetry breaking 
in space-time. The subjects of symmetry breaking 
are product requirements, which consist of function 
requirements, performance requirements, and con-
straint requirements. The elements of symmetry 
breaking are the components of a product’s function, 
performance, and constraint requirement. The con-
cept system is shown in Fig. 1. 

2.1.1  Mechanical general requirement spatial sym-
metry breaking 

Function requirement spatial symmetry break-
ing refers to the objective functional requirements 
which have symmetry breaking features in the space. 
The functional requirements are expressed in terms 
of the processes for the conversion of inputs into 
outputs. Their spatial features include the spatial 
distributions of the inputs and outputs of materials,  
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energy or information and the working range of the 
functions. The umbrella shown in Fig. 2 enlarges the 
rear portion of the canopy while the front portion 
remains unchanged. Thus, the umbrella is the rota-
tional symmetry breaking structure, the symmetry 
breaking datum axis is the stick, the symmetry 
breaking subject is the canopy, and the symmetry 
breaking elements are the materials of the canopy. 
Its effect is to realize the rotational symmetry break-
ing function requirements of the product, where the 
symmetry breaking datum is the rotational center 
point O shown in Fig. 2 (Horgdom and Anthony, 
2012), the symmetry breaking subject is the function 
of sheltering, and the elements are the parts of the 
area sheltered by the umbrella. 

Performance requirement spatial symmetry 
breaking relates to the objective performance re-
quirements which have symmetry breaking features 
in space. These performance requirements are de-
fined as the requirements for the conversion of in-
puts into outputs in quantity. Their spatial features 
include temperature field, force field, electromagnetic 
field, and information field. The output light of the 
polarized type lens shown in Fig. 3a is required to 
follow the light intensity distribution curve shown in 
Fig. 3b (Liu, 2012). In Fig. 3b, if the x-axis is taken 
as the symmetry breaking datum in the space, then 
the symmetry breaking subject is the light intensity 
curve and the symmetry breaking elements are its 
left and right portions. To achieve this performance 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

requirement, the lens is the structure mirror sym-
metry breaking where the symmetry breaking datum 
is the x-axis in Fig. 3a, the symmetry breaking sub-
ject is the lens, and the symmetry breaking elements 
are the left and right portions of the lens.  

Constraint requirement spatial symmetry break-
ing refers to the static features of constraint require-
ments. For example, the restrictions on the dimen-
sions and volume of a structure are symmetry break-
ing. The dimensions of the radiator depicted in Fig. 4 

Fig. 3  Lens used in an LED (Liu, 2012): (a) lens; (b) light 
intensity distribution curve (unit: klm) 

1 2

(a) (b) 

Fig. 2  Umbrella diagram (Horgdom and Anthony, 2012)

Fig. 1  Definition and classification of mechanical space-time general requirement symmetry breaking 
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(Li, 2006) should not exceed the range of the circuit 
board to avoid interference with other electronic 
components. The left part of the radiator should not 
exceed the area S1 of the printed circuit board (PCB) 
and the right part should not exceed the area S2 of 
the PCB. This constraint requirement breaks sym-
metry in space, where the symmetry breaking datum 
is the y-axis, the symmetry breaking subject is the 
area of PCB, and the symmetry breaking elements 
are the areas S1 and S2. The structure of radiator is 
also mirror symmetry breaking, where the symmetry  
breaking datum is the y-axis, the symmetry breaking 
subject is the radiator, and the symmetry breaking 
elements are the left and right parts of the radiator. 

2.1.2  Mechanical general requirement temporal 
symmetry breaking 

Functional requirement temporal symmetry 
breaking means the dynamic characteristic of the 
objective function has a feature of symmetry break-
ing. The symmetry breaking subject is the dynamic  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

feature of the function. Performance requirement 
temporal symmetry breaking means the process of 
an objective performance requirement changing with 
time has a feature of symmetry breaking. Dynamic 
features of performance requirements usually include 
time-varying curves of displacement/angular dis-
placement, velocity/angular velocity, acceleration/ 
angular acceleration, and force/torque. Constraint 
requirement temporal symmetry breaking refers to 
the restriction of some dynamic processes of a sys-
tem, such as displacement, velocity, force/torque, 
and temperature. For example, the demanded load 
operation time is longer than the no-load return time 
for most operating cycles. 

2.2  Definition and classification of working prin-
ciple space-time symmetry breaking  

The solution of a working principle generally 
includes the working effect, working geometry, 
working motion, and working material that are re-
quired to achieve a function. Essentially, they are the 
mechanical and physical feature parameters. Work-
ing principle space-time symmetry breaking means 
that the compositions of a solution have symmetry 
breaking features in the space or time datum. The 
spatial features of a working principle include work-
ing geometry, motion trajectory, the range of work-
ing motion, and the spatial distribution of material. 
The temporal features of a working principle include 
the temporal attributes of the working motion or 
working process. The concept system is shown in 
Fig. 5. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 Fig. 5  Definition and classification of working principle space-time symmetry breaking  

Working principle 
spatial symmetry 

breaking

Subject Spatial characteristic of principle

Working geometry spatial 
symmetry breaking

Parts of working geometry

Working material spatial 
symmetry breaking 

Parts of working material

Elements

Elements

Working effect spatial 
symmetry breaking

Elements Parts of temporal 
characteristic of principle

Elements Parts of working effect

Working principle 
space-time 

symmetry breaking

Working principle 
temporal symmetry 

breaking

Working motion spatial 
symmetry breaking 

Parts of working motionElements

Subject Temporal characteristic of principle

Datum Spatial axis/plane/vector

Datum Time axis

Fig. 4  Diagram of radiator (Li, 2006) 
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2.2.1  Working principle spatial symmetry breaking  
 

Working effect spatial symmetry breaking 
means one or more working effects have symmetry 
breaking features in the space. Common spatial fea-
tures of working effects include the magnetic field 
distribution in electromagnetic effects or magnetic 
force effects, the electric current distribution in eddy 
current effects, and the working force distribution in 
force effects.  

For example, since an area of the stator tooth 1 
on the right side has been cut off as shown in Fig. 6, 
the single phase brushless direct current (DC) motor 
is mirror symmetry breaking in structure, where the 
symmetry breaking reference is the central line, the 
subject is the stator, and the elements are the left and 
right portions of the stator. The structure variation of 
the stator caused a variation of working principle of 
the motor. The magnetic field produced by the wind-
ing in the stator is mirror symmetry breaking in the 
space. Thus, the working effect of the motor is mir-
ror symmetry breaking, where the datum is the cen-
tral line, the subject is the electromagnetic effect, 
and the elements are left and right portions of mag-
netic field. The reason why the working principle in 
this case has to break its symmetry is that if the rotor 
was starting at the position shown in Fig. 6 (Wang et 
al., 2005), an imaginary symmetry designed motor 
would encounter a starting problem because the 
magnitude of the magnetic forces applied at the left 
and right parts of the rotor would be equal and there-
fore neutralized. By contrast, the starting torques of 
the symmetry breaking motor are not equal and there 
is no starting problem. 

 
 
 
 
 
 
 
 
 
 
 
 
Working geometry spatial symmetry breaking 

means that the working geometry, such as points, 

lines, surfaces or bodies, has a symmetry breaking 
feature. Working geometry spatial symmetry break-
ing mostly exists in mechanical transmission appa-
ratus or mechanisms. In this case, the working ge-
ometry generally represents the working point, line, 
plane or space of the working force, which is real-
ized by common mechanical effects, such as gravity, 
hydraulic power/pressure effect, centrifugal effect, 
friction effect, Hooke effect, and thermal expansion 
effect. 

As shown in Fig. 7 (Huang and Xu, 1993), two 
fragile workpieces need to be gripped. In order to 
avoid the damage to them, the force applied on them 
must be an action plane (working geometry). For 
workpiece 1, the action plane is the combination of 
two identical cylinder surfaces with the same param-
eters. In this case, the work geometry possesses mir-
ror symmetry, of which the datum is the central line, 
the subject is the working plane, and the elements 
are two identical cylinder surfaces. For workpiece 2, 
the action plane is the combination of a curved sur-
face and a plane. In this case, the work geometry is 
mirror symmetry breaking, of which the datum is the 
central line, the subject is the working plane, and the 
elements are the curved surface and the plane. The 
clamping mechanism designed for workpiece 1 has 
two identical springs. The structure of the clamping 
mechanism is also mirror symmetry. The symmetry 
datum is the central line, the subject is the clamping 
mechanism, and the elements are two fingers. The 
clamping mechanism for workpiece 2 is mounted on 
two distinct springs: a flat spring and a bent spring. 
Moreover, its structure is mirror symmetry breaking, 
where the datum is the central line, the subject is the 
clamping mechanism, and the elements are fingers 1 
and 2. 
 
 
 
 
 
 
 
 
 

Working motion spatial symmetry breaking 
means the trajectories of motion or the range of 
working motion have a symmetry breaking feature. 

Fig. 6  Single phase brushless DC motor (Wang et al., 
2005) 

Fig. 7  Clamping of two workpieces (Huang and Xu, 
1993) 
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For example, the lengths of the blades 2, 3, and 4 of 
a stirring apparatus differ from each other as shown 
in Fig. 8 (Pan et al., 2013); therefore, the ranges of 
the working motion of each blade also vary. The 
working motion is translational symmetry breaking, 
where the symmetry breaking datum is the y-axis, 
the symmetry breaking subject is the range of the 
working motion, and the symmetry breaking ele-
ments are the working motions of the blades. The 
symmetry breaking design of this stirring apparatus 
causes many different eddies which increase the stir-
ring efficiency. 

 
 
 
 
 
 
 
 
 
 
 
Working material spatial symmetry breaking 

means the spatial distribution of the working materi-
al has symmetry breaking features. Working material 
symmetry breaking makes use of the different physi-
cal characteristics of different materials to achieve 
function or performance requirements. The common 
physical characteristics include density, elastic mod-
ulus, damping coefficient, friction coefficient, ther-
mal conductivity, thermal expansion coefficient, and 
relative permeability. For instance, the structure 
shown in Fig. 9 (Yang, 1998) is comprised of a bolt 
and a sleeve. The sleeve is made by two kinds of 
materials having different coefficients of thermal 
expansion. For the sleeve with length l1, the coeffi-
cient of linear expansion in axial direction is α1, 
while the coefficient is α2 for the sleeve with length 
l2. Hence, the sleeve is translational symmetry break-
ing where the symmetry breaking datum is the axis, 
the subject is all the material, and the elements are 
the materials of the two parts. The bolt with the coef-
ficient of α3 has the length of l3. When the environ-
mental temperature changes with time, only if the 
condition α3l3=α1l1+α2l2 is satisfied, the distortion of 
the bolt is the same as the sleeve and their fitting 
state remains unchanged. 

2.2.2  Working principle temporal symmetry breaking  

The working principle temporal symmetry 
breaking means that the dynamic characteristic of a 
working motion or process of a principle, such as 
displacement, velocity, and acceleration, breaks its 
symmetry in the time axis. For instance, the opening 
and closing motion of an elevator is a linear transla-
tional motion. The velocity-time curve is shown in 
Fig. 10. The deceleration stage of the closing process 
is flatter than the opening process. It is principle 
temporal symmetry breaking, where the datum is the 
time of t, the subject is the velocity of the whole pro-
cess, and the elements are the curves in the opening 
and closing stages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3  Definition and classification of mechanical 
structure symmetry breaking  

2.3.1  Definition of mechanical structure symmetry 
breaking  

In some cases, a structure with single symmetry 
needs to be changed. Thus, it is no longer invariant 
under a symmetry operation. The process is called 
mechanical structure symmetry breaking and the 
changed structure is called a symmetry breaking 
structure. 

Since the symmetry breaking operation is per-
formed on the basis of the original symmetry datum, 
the symmetry breaking datum remains the same. The 
transformed elements under the symmetry operation 
cannot completely coincide with the original ones. 

For instance, the jump ring applied to a con-
necting link is assembled as shown in Fig. 11a (Mi 

Fig. 8  Stirring shaft (Pan et al., 2013) 
1: stirring shaft; 2, 3, 4: blade 

 1 

2 

3 

 4 

 y

Fig. 9  Bolt and sleeve (Yang, 1998) 

Fig. 10  Velocity curve of the elevator gates  
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and Pi, 2012). The original design of the jump ring is 
shown in Fig. 11b (Mi and Pi, 2012). The structure 
presents mirror symmetry, where the datum line is 
the central line x1, the subject is the jump ring, and 
the elements are the two sides of the jump ring. 
When used in a motorcycle that is frequently accel-
erated and decelerated, the jump ring under cyclic 
loading conditions will fail due to the reduction of 
the tightening force. The redesigned jump ring is 
shown in Fig. 11b. The depth of the groove b and the 
dimension a get smaller. Thus, the tightening force 
of the jump ring increases, and the service life is ex-
tended accordingly. Its structure is mirror symmetry 
breaking. 

 
 
 
 
 
 
 
 
 
 
 
 

2.3.2  Classification of mechanical structure sym-
metry breaking  

The subject of mechanical structure symmetry 
breaking can concern a part or the assembled com-
ponents. Thus, according to its level, structure sym-
metry breaking can be classified into part symmetry 
breaking and component symmetry breaking. 

According to the different symmetry operations, 
symmetry breaking can be classified into rotational 
symmetry breaking, mirror symmetry breaking, and 
translational symmetry breaking. 

The datum of part and component symmetry 
breaking include rotational central point, central line 
or plane, and vector. The subject of component 
symmetry breaking is the components themselves, 
the symmetry breaking elements are the composition 
of the components. The subject of part symmetry 
breaking is the part, and the symmetry breaking ele-
ments are the geometrical elements of the part. It can 
also be extended to the machine and series. This is 

not shown in the definition and classification of me-
chanical structure symmetry breaking in Fig. 12. 

2.3.3  Formation mechanism of structure symmetry 
breaking  

For the basic three types of symmetry, the 
symmetry structure is formed by elements repeating 
themselves regularly along the datum. If identical 
elements are repeated at equal intervals along a cir-
cle, a rotational symmetry structure is formed. If 
identical elements are repeated at equal intervals 
along a line, a translational symmetry structure is 
formed. If two similar elements reflect from each 
other along a line or plane, a mirror symmetry struc-
ture is formed. 

Symmetry breaking structure is formed on the 
basis of the geometrical variation of the elements of 
a symmetry structure, which includes three patterns: 

(1) Variation of the form/dimensional parame-
ters of the element; 

(2) Variation in the positional parameters of the 
element; 

(3) Variation in the form and positional parame-
ters of the element. 

The pin hole in the lid of a gearbox is machined 
with the pin hole in the gearbox housing. To ensure 
the accuracy of assembly, the lid should not be able 
to be assembled reversely when mounted on the 
gearbox housing. Therefore, the lid is designed as a 
rotational symmetry breaking structure where the 
datum is the central point, and the symmetry break-
ing elements are the pin holes. As depicted in Fig. 13, 
the pattern of Fig. 13a shows the element positional 
parameter variation, the pattern of Fig. 13b shows 
the element form/dimension parameter variation, and 
the pattern of Fig. 13c shows both the element form 
and the position parameter variations. In practice, 
evaluation and selection of these patterns can be 
made according to the specific requirements of a 
design task. 

 
 

3  Correlations among mechanical general 
requirements, working principle, and struc-
ture spatial symmetry breaking  

 
The concept systems of mechanical space-time 

symmetry breaking proposed above are classified  

Fig. 11  Jump ring applied to a connecting link (Mi and 
Pi, 2012): (a) connecting link; (b) jump ring 
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according to the different properties of the symmetry 
breaking subjects in each phase of the design process. 
At the beginning of product design, the general re-
quirements for symmetry breaking are general re-
quirements in the requirement analysis phase. The 
subjects of working principle symmetry breaking are 
working principles for the principle design phase. 
The subjects of structure symmetry breaking are 
structures in the structure design phase. Product re-
quirements are realized by working principles, while 
working principles are eventually realized in product 
structures. The mechanical general requirement for 
symmetry breaking comes from the diversity of hu-
man life. Mechanical principle symmetry breaking is 
the means of realizing mechanical general require-
ment symmetry breaking while mechanical structure 
symmetry breaking is the physical support for the 
realization of mechanical working principle sym-
metry breaking. The symmetry breaking hierarchy 
through requirement and principle to structure is a 
process from an abstract to a concrete state and a 
mental to a physical one. It is also the process of the 
physical parameters from the macro-to-micro  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
transformation. The partial correlation analyses are 
as follows. 

3.1  Correlation between the general requirement 
spatial symmetry breaking and the principle and 
structure spatial symmetry breaking  

1. Because environmental constraints constantly 
disturb the performance of a system, spatial sym-
metry breaking of a constraint requirement typically 
leads to the symmetry breaking of a performance 
requirement. As a coping strategy, if the symmetry 
of structure or principle breaks, then the symmetry 
of performance requirements might be kept. As an 
example, the apparatus shown in Fig. 14 is used for 
quenching workpieces. The depth of the hardened 
layer is required to be distributed uniformly over the 
surface of the parts, and thus its performance re-
quirement is spatial symmetry breaking. The coils in 
Fig. 14a are evenly spaced. Therefore, its structure 
presents translational symmetry breaking, where the 
datum is the axis, the subject is the inductor, and the 
elements are the coils. The principle also presents 
translational symmetry breaking, where the datum is 

Fig. 12  Definition and classification of mechanical structure symmetry breaking  

Fig. 13  Different symmetry breaking patterns of the lid of a gearbox: (a) element positional parameter variation; (b) 
element form/dimension parameter variation; (c) element form and position parameter variation  
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the axis, the elements are the eddies produced by the 
coils, and the subject is the eddy effect. In fact, con-
straint requirement symmetry breaking exists in the 
surrounding environment of the system. The heat 
radiated from the two ends is greater than that radi-
ated from the middle part, which leads to a non-
uniform distribution of temperature. Thus, the depth 
of the hardened layer at the two ends is shallower 
than that of the hardened layer in the middle part. 
Accordingly, the performance requirement is sym-
metry breaking in the space. The redesigned inductor 
is shown in Fig. 14b. The spacing of the coils at the 
two ends has been decreased, so that the inductor can 
generate more heat there thus giving a uniform tem-
perature distribution. As a result, the symmetry of 
performance requirement is obtained. The rede-
signed structure presents translational symmetry 
breaking, where the datum is the axis, the subject is 
the inductor, and the elements are the coils. The 
principle also presents translational symmetry break-
ing, where the datum is the axis, the elements are the 
eddies produced by the coil, and the subject is the 
eddy effect. 

2. When a constraint requirement is symmet-
rical, or there is no constraint requirement, principle 
spatial symmetry may generally be used to obtain 
performance requirement spatial symmetry, and 
principle spatial symmetry breaking may be used to 
obtain performance spatial symmetry breaking. As 
shown in Fig. 15, in order to quench a gear with 
large tooth width, double coils were used. The sur-
rounding heat dissipation environment of the coils is 
mirror-symmetrical (constraint is also symmetrical). 
Thus, the principle and structure of the apparatus are 
mirror-symmetrical.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Two workpieces in Fig. 16 (Ding, 2012) are 
supposed to be quenched with a uniform hardened 
layer over their surfaces. For the workpiece 2 in 
Fig. 16a, the distribution of the hardened layer on the 
left is identical with the one on the right. Thus, the 
performance requirement of the inducing conductor 
1 is mirror-symmetrical, where the datum is the y-
axis of the fixing piece 3, the subject is the hardened 
layer, and the elements are the hardened layers. The 
workpiece 2 in Fig. 16b has a groove on its left side. 
The distribution of the hardened layer on the left is 
not completely identical with the one on the right. 
Thus, the performance requirement is mirror sym-
metry breaking, where the datum is the y-axis, the 
subject is the hardened layer, and the elements are 
the left and right parts of the hardened layer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Correlation between general requirement 
symmetry breaking and structure spatial sym-
metry breaking  

Generally, structure spatial symmetry breaking 
is used to achieve principle spatial symmetry break-
ing, and principle spatial symmetry breaking is used 
to achieve function/performance spatial symmetry 
breaking. Therefore, structure spatial symmetry 
breaking is a final way of achieving function/ 
performance spatial symmetry breaking.  

Fig. 14  Induction hardening system for spindles: (a) coils 
evenly distributed; (b) redesigned inductor (decrease the 
spacing of the coils at the two ends) 

Fig. 15  Induction hardening system for gears  

Fig. 16  Induction hardening system (Ding, 2012)  
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Constraint requirement spatial symmetry break-
ing can be achieved by structure symmetry breaking. 
As shown in Fig. 17 (Zhou et al., 2012), the width of 
a hoistway S restricts the opening range of the  
double-gate elevator. Namely, the total width of the 
left and right gates a+b cannot exceed S1+S2, and 
S=a+b+S1+S2. Due to the spatial symmetry breaking 
restriction on the position of the gate, S1>S2 must be 
satisfied. To ensure the gates can be opened without 
any interference, the condition a>b must be satisfied. 
Besides, the width of the left gate approaches but not 
exceeds S1, and the width of the right gate approach-
es but not exceeds S2. Consequently, the gates of the 
elevator are spatial mirror symmetry breaking, where 
the datum is the y-axis, the subject is the double gate, 
and the elements are the left and right gates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Regular knowledge on the application of 
symmetry breaking in design  

 
The basic characteristic of a symmetry breaking 

structure is that the geometrical parameters of differ-
ent elements are distinct from each other. Structure 
symmetry breaking generally utilizes the geometrical 
differences of the symmetry breaking elements to 
satisfy the function, performance, and constraint re-
quirements of a product. On the basis of the analysis 
of hundreds of design cases, regular knowledge 
about utilizing various symmetry breaking patterns 
and their effects to satisfy typical requirements of 
products are concluded and extracted. These results 
will raise the awareness and efficiency of applying 
symmetry breaking knowledge to solve design  
problems. 

4.1  Using symmetry breaking to satisfy function-
al requirements of products  

Principle 1: the principle for achieving the varia-
ble speed function  

The speed of a transmission apparatus will be 
varied if it has structure symmetry breaking. For ex-
ample, the structures of non-circular gears, sprockets, 
and pulleys are all rotational symmetry breaking, 
where the datum is the rotational central point, the 
subject is the entire structure, and the elements are 
the teeth. Because the positional parameters of some 
elements are different from others, the related instant 
transmission ratios are different, and the instant out-
put angular velocities are different, too. Thus, trans-
mission apparatus with structure symmetry breaking 
has achieved a variable speed function. 

4.2  Using symmetry breaking to satisfy perfor-
mance requirements of products  

Principle 2: the principle for reducing the output 
fluctuation of a transmission system  

If the dynamic output characteristic of each 
symmetry element is in phase, the output fluctuation 
of a system will be reduced by making a phase dif-
ference for each element, i.e., changing the dimen-
sion, form, or position parameters properly.  

As shown in Fig. 18a (Breton et al., 2000), the 
permanent magnets of the motor are arranged with 
rotational symmetry. The cogging torque resulted 
from the interaction of permanent magnet fields and 
electric current fluctuates periodically. The electro-
magnetic torque resulted from the magnet field and 
electric current inter-action is a constant value. The 
total output torque of the motor fluctuates. By 
changing the arrangement of magnets, as shown in 
Fig. 18b (Breton et al., 2000), the magnets 2, 3, and 
4 are rotated somewhat, and, as a result, structure 
symmetry breaks, where the datum is the central 
point, and the subject is the magnet. Then, principle 
symmetry breaks, where the subject is the magnetic 
field, and the element is each magnetic field. The 
deflection angle of each magnet is different, so the 
phase of the cogging torque is different as well. As 
long as the parameters are properly chosen, the fluc-
tuation of the composite cogging torque can be re-
duced. The contrast of two cogging torque curves is 
shown in Fig. 18c. 

Fig. 17  Configuration of a double-gate elevator (Zhou et 
al., 2012) 
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Principle 3: the principle for reducing collision 
and impact  

The collision and impact between parts that are 
subjected to uniform loads can be reduced by break-
ing their symmetry. Because the forces exerted on 
the elements are different, unbalanced forces or tor-
ques will be produced.  

As illustrated in Fig. 19 (Lan and Liu, 2010), 
the piston of the engine collides with the wall of the 
cylinder due to the existing gap. The pin of the pis-
ton is on the central plane of the piston, and the 
structure of the piston is mirror-symmetrical. When 
the piston moves upward, the piston leans against the 
right side of the wall. When the piston moves across 
the top dead center, the direction of the force chang-
es and the piston moves from one side to the other 
side. As a result, a collision occurs. The piston boss 
shown in Fig. 19b is deviated with a distance of 1–
2 mm from the left, and thus the pressure applied on 
the right part of the piston is larger than that on the 
left. Consequently, the piston is subjected to a torque. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

When the piston is about to change its direction 
of movement, it rotates clockwise around the pin. In 
this case, the piston skirt contacts the other side of 
wall first, and then the piston head makes contact. 
The two-step contact process will reduce the impact 
of collisions and thus the noise and vibration of the 
motor. At the structure level, the structure of the pis-
ton is mirror symmetry breaking, where the subject 
is the piston, and the datum is the central line. At the 
principle level, the principle is working geometry 
symmetry breaking. The datum is the point O. The 
dimensions of the working lines are different. 
Principle 4: the principle for reducing system 
noise I 

Changing positional parameters of elements ap-
propriately will make a phase difference in noise 
waves. As a result, noise waves with different phases 
will interfere and cancel each other, and the total 
noise will be reduced.  

Tire tread pattern generates a strong noise in 
contact with the road. Fig. 20 (Huang, 2008) shows 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18  Permanent magnetic motor (Breton et al., 2000) 
(a) Rotational symmetry; (b) Rotational symmetry breaking; (c) Cogging torque curves 
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Fig. 19  Motion processes of two types of engine (Lan and Liu, 2010) 
(a) Normal engine; (b) Deviated pin engine; (c) Principle symmetry breaking 
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two types of tread patterns. The tread in Fig. 20a is 
mirror-symmetrical about the central line A1A2, and 
the elements are the upper and lower tread patterns. 
As seen from the time-domain waveform diagram, 
the sound frequencies, amplitudes, and phases of el-
ements are the same. The sound pressure level (SPL) 
of the superimposed sound wave becomes larger, and 
the tire noise becomes stronger. The tread pattern in 
Fig. 20b is arranged in a staggered pattern, which is 
mirror symmetry breaking. The phases of the noise 
waves generated by the upper and lower patterns are 
different and partially counteract. The peak value of 
the superimposed sound wave is much smaller than 
that from the tire pattern in Fig. 20a. As a result, 
noise is reduced. In this case, no extra apparatus is 
used to reduce the noise. Compared with commonly 
used noise elimination techniques, symmetry break-
ing design of the thread pattern is very economical. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Principle 5: the principle for reducing system 
noise II 

The sound frequency and magnitude generated 
by symmetrical elements are approximate, while the 
sound frequency and magnitude generated by sym-
metry breaking elements are quite different. Thus, a 
symmetry breaking design can reduce noise level. 

As shown in Fig. 21b (Todd, 2011), for a chain 
drive system with rotational symmetrical sprockets, 
the engagement process of sprocket tooth and rollers 
is almost the same, so the impact noise is strong. By 
modifying the positional parameters of the sprocket 

grooves, as shown in Figs. 21a and 21c (Todd, 2011), 
the sprocket has three different root radii R1, R2, and 
R3 arranged in a rotational symmetry breaking pat-
tern. When rollers engage with the sprocket, the im-
pact distance and impact force are different. The 
sound frequencies are modulated and the noise is 
decreased.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Principle 6: the principle of load match  
When a structure-symmetrical system is sub-

jected to asymmetrical loads, the element with the 
larger load can be broken and its bearing capacity 
made to match the load.  

As shown in Fig. 22a (Guo et al., 2011), the 
bearings used in the spindle of a wind turbine are 
tapered roller bearings which are mirror-symmetrical 
about the y-axis. They are configured in the fixed 
end of the spindle and are capable of withstanding 
bi-directional axial loads. Usually, the load in a wind 
turbine is large, and most of the force goes towards 
the right. Therefore, most of the load is allocated to 
the bearing A. The radial loads of bearings A and B 
are the same. Thus, bearing A will fail first and then 
the entire bearing will fail. In the bearing shown in 
Fig. 22b (Guo et al., 2011), the contact angle of 
bearing A is larger than that of bearing B, so bearing 
A has a relatively high axial load carrying capacity 
while bearing B has a relatively high radial load car-
rying capacity. Meanwhile, the sphere centre O1 of 
the ring is deviated from centre O2 of the bearing, 
and thus more radial load is allocated to bearing B 
and more axial load is allocated to bearing A.  

Fig. 21  The sprocket with different root radii (Todd, 
2011) 

R3

R2

R1

Fig. 20  Tire noise waves (Huang, 2008): (a) symmetrical 
tread pattern; (b) staggered tread pattern 
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Compared with the structure in Fig. 22a, the sym-
metry breaking structure in Fig. 22b makes full use 
of the load carrying capacities of bearings A and B, 
and the life-circle of both bearings is increased.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Using symmetry to satisfy the constraint re-
quirements of products  

4.3.1  To satisfy the constraint of assembly  

Principle 7: the principle of increasing identifica-
tion capability  

Utilizing the geometrical difference of symmetry 
breaking elements will make the non-geometrical 
feature of a part easy to identify. 

For a symmetry part, assume there are some 
features that are hard to distinguish by appearance, 
but have to be distinguished at the assembly stage. 
One way of realizing the requirements of easy identi-
fication during assembly is to replace the related 
symmetrical elements with symmetry breaking ones 
to do the same job. By doing this, the non-
geometrical difference of related elements is con-
verted into a geometrical difference. For example, in 
the pin shown in Fig. 23 (Pahl and Beitz, 1992), its 
upper part is hardened, while the lower part is not. 
By breaking the mirror-symmetrical structure of the 
original design (Fig. 23a), the identification and thus 
the accurate location of the newly designed version 
is much easier (Fig. 23b). 
Principle 8: the principle of positioning during 
assembly  

Symmetrical parts will be fitted in their unique 
assembly position if structure symmetry breaking is 
used to avoid wrong assembly. 

As shown in Fig. 24 (Chen and Wu, 2003), the 
bearing cap of the crankshaft and the bolts of the 
cylinder body are connected together to bore the hole 
of crankshaft first. In the following step, the bearing 
cap has to be removed to mount the crankshaft. Dur-
ing this process, there is a high possibility that the 
bearing cap will be mounted oppositely, causing 
damage to the precision of the hole and the operation 
of the crankshaft. To avoid this, the distance from 
one side of the bearing cap to the center line O1O2 

differs from the other side, while the distances from 
the center line of each bolt to the center line O1O2 
are identical. Consequently, the structure is mirror 
symmetry breaking about the center line O1O2. In 
order to be mated with the bearing cap, the structure 
dimensions in the cylinder body are modified ac-
cordingly. If the bearing cap were mounted opposite-
ly, as shown in Fig. 24b, the bolts would interfere 
with the cylinder body and wrong assembly would 
be prevented.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.2  To satisfy the constraint of non-interference  

Due to location differences among the elements, 
if there is a possibility that one of the elements inter-
feres with surrounding objects, then the structure 
dimensions of the element should be restricted.  

Fig. 24  Bearing cap of a crankshaft (Chen and Wu, 2003): 
(a) correct assembly (unit: mm); (b) wrong assembly 

(b) (a)

Fig. 22  Tapered roller bearings (Guo et al., 2011) 
(a) Symmetrical type; (b) Symmetry breaking type 

(a) (b) 

Fig. 23  Examples of increasing identifiability (Pahl and 
Beitz, 1992): (a) original design; (b) improved design 
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Because other elements are not restricted, structure 
symmetry breaking occurs. For example, a clamping 
apparatus for a declination rectification and guidance 
device is shown in Fig. 25 (Liu, 2013). This device 
is mounted on a boat. Because one clamp arm is lo-
cated near the side of the boat, the arm can easily 
collide with the boat when it rotates. To avoid this, 
this arm is shortened. Therefore, the structure of the 
clamping device is mirror symmetry breaking. 

 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.3  To satisfy the constraint of dimensions or  
volumes  

Assuming that a product meets requirements, 
the smaller its structure is, the better it will be. On 
one hand, it will save materials, reduce manufactur-
ing costs, and increase the economy of the product. 
On the other hand, especially for moving parts, it 
will decrease inertia and improve dynamic perfor-
mance. Structure symmetry breaking can satisfy the 
constraint of volume reduction generally, because 
the margins for reducing dimensions of elements are 
different. Fig. 26a illustrates a settling centrifuge 
(Hong and Liu, 2006). Due to the centrifugal effect 
in the separation section, the liquid with relatively 
high density settles near the inner wall of the drum. 
Thus, the heavy liquid flows out of the heavy-liquid 
outlet and light liquid flows out of the axial light-
liquid outlet. The drum in Fig. 26a is mirror sym-
metry structure. The axial dimension and the whole 
volume are relatively large. To diminish its volume, 
the length of the light liquid channel can be reduced. 
As shown in Fig. 26b, the dimensions of the left part 
of the drum are reduced in the redesigned centrifuge, 
while the right part remains the same. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Application method, process, and in-
stance of symmetry breaking in mechanical 
concept design 

5.1  Application method and process of symmetry 
breaking in mechanical concept design  

Starting from design requirements, the method 
and process of applying design principles, guidelines, 
and instance knowledge for concept design are 
shown in Fig. 27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Firstly, the general requirements of a product 
are specified by analyzing its design task, especially 

Fig. 27  Application method and process of symmetry 
breaking in mechanical concept design  

Fig. 25  Clamping apparatus of a declination rectification 
and guidance device (Liu, 2013) 

Fig. 26  A settling centrifuge (Hong and Liu, 2006) 
(a) Original design; (b) Redesign 
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noting the symmetrical, asymmetrical, and symmetry 
breaking requirements of its functions, performances, 
and constraints. Then, the symmetry breaking prin-
ciple and/or structure solutions can be obtained by 
the aid of the “requirements-principle-structure asso-
ciation knowledge repository” and “design principle 
guideline repository”. Finally, variants of principle 
solutions in various symmetry breaking types, pat-
terns, and structures can be found by applying the 
systematic variation strategy for further comparison 
and selection. 

5.2  Instance of symmetry breaking in a mechani-
cal concept design 

The above design method and design process of 
symmetry breaking are illustrated with a novel chain 
drive system designed by the authors as follows. 

Design task: a chain drive system is often used 
to transmit dynamically varying torque. For instance, 
an electric motor drives a crank-slide mechanism 
with a chain drive unit. Due to the inertial force gen-
erated by the non-uniform motion of the crank, the 
drive torque of the crank also varies dynamically. 
The fluctuating torque is transmitted to the chain 
drive unit, making the tension of the chain’s tight 
side fluctuate. Thus, the smoothness of the chain 
drive is reduced. The fluctuating loads on the chain 
drive unit should be reduced to increase its smooth-
ness of operation. 

Analysis of structure symmetry and symmetry 
breaking of chain drive: the chain drive unit is a  
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

multi-hierarchy symmetry and symmetry breaking 
system. The symmetry features of the chain drive 
unit related with the objective function contain trans-
lational symmetry and rotational symmetry. The sub-
ject of the translational symmetry is the chain, and 
the elements are the links. The subject of the rota-
tional symmetry is the sprocket, and the elements are 
the teeth of the sprocket. 

Concept design of structure symmetry breaking: 
the sprocket and chain are selected as the symmetry 
subjects. The structure symmetry breaking type of 
the sprocket is rotational symmetry breaking, where 
the symmetry breaking elements are the teeth. The 
structure symmetry breaking type of the chain is 
translational symmetry breaking where the sym-
metry breaking elements are the chain links. As 
shown in Table 1, five structure symmetry breaking 
solutions are generated after applying principle 2 
from Section 3.2 and systematically varying the 
form/dimension parameters and positional parame-
ters. The solutions are listed as follows. 

1. Non-circular sprocket with different pitch ra-
dii: the driven sprocket is a common non-circular 
sprocket. As shown in Fig. 28a, assuming that the 
tensile force F of the chain is a constant value, the 
loading torque M(θ) varying with the sprocket radius 
is determined, i.e., R(θ)=M(θ)/F. When the fluctua-
tion of loading torque is large, the non-circular de-
gree is large as well, which might cause vertical vi-
bration of the chain. Thus, the non-circular degree is 
limited and the processing of a non-circular contour 
is relatively difficult. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Structure symmetry breaking solutions of chain drive unit 

Subject 
Symmetry 

breaking type 
Elements  Geometric parameter 

Structure 
parameters of 

elements 

Structure symmetry 
breaking solution 

Sprocket Rotational 
symmetry 
breaking 

Teeth Shape parameter Contour line Sprocket with differ-
ent contour line 

Location radius Pitch radius Non-circular sprocket 
with different pitch 

radius 
Location angle Pitch Sprocket with  

different pitch 
Chain Translational 

symmetry 
breaking 

Chain links Shape parameter Diameter and 
length of the 

roller 

Chain having rollers 
of different diameters

Location parameter Pitch Unequal pitch chain 
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2. Unequal pitch chain drive unit: as is shown in 
Fig. 28b, the unit is comprised of a chain and two 
sprockets which have several different pitches. 
However, when the ratio of the pitch to the pitch 
circle radius is relatively large, the solution varies 
the actual pitch radius significantly and might cause 
high impact and large fluctuation. 

3. Chain having rollers with different diameters: 
as shown in Fig. 28c, the chain is comprised of roll-
ers with different diameters. The distance from the 
roller center to the center of the sprocket varies when 
the chain engages with the sprocket. Accordingly, 
the working radius of the tension force F is different. 
On the premise that the roller radius is smaller than 
the curvature radius, the fluctuation of the tensile 
force F can be reduced. For example, the number of 
the rollers is N in one cycle. When the loading 
torque of roller i (i=1, 2, …, N) engaging with 
sprocket is Mi, the meshing radius Ri=Mi/F can be 
calculated. Assume that the radius of the pitch circle 
of the sprocket is R, the roller diameter di can be cal-
culated as follows: di=2(Ri−R). The rollers can be 
easily processed, while the assembly is straightfor-
ward. The authors have obtained the patent of the 
method (Wang et al., 2013).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6  Conclusions 
 
The multi-hierarchy concept systems of me-

chanical symmetry breaking are established and the 
correlations between different levels of symmetry 
breaking are analyzed based on the physical features 
from the product’s general requirements (function, 
performance, and constraint), its working principle 
to its structure, and from macro to micro. Eight de-
sign principles for applying various symmetry break-
ing patterns and their effects in improving the prod-
uct’s function and performance are proposed. The 
method and process of applying symmetry breaking 
in mechanical concept design are set out. These 
principles, method, and process are then used in the 
concept design of a gear chain. The structure of the 
innovative gear chain has a symmetry breaking char-
acter, and, compared with the traditional ones, its 
transmission stability is much improved. 

Based on the physical features of systems, ma-
chines, assemblies, and parts, the concept system of 
cross-scale symmetry breaking is also advanced. Its 
in-depth study needs the quantitative model of me-
chanical symmetry breaking. The related research 
results will be published in other papers. 

Fig. 28  Structure symmetry breaking solutions for chain drive apparatus  
(a) Sprocket with unequal pitch; (b) Chain with unequal pitch and sprocket; (c) Chain having unequal diameter rollers. 1: inner 
link; 2: roller; 3: sleeve; 4: outer link; 5: pin 
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In addition, the concept system and effect of 
mechanical symmetry breaking, the application laws 
of symmetry breaking for mechanical products, and 
the integration strategies of symmetry breaking and 
symmetry for mechanical design are worth studying. 
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中文概要 
 
题 目：机械对称破缺的理论框架及其应用 

目 的：为满足各种功能和性能的需求及难以避免的约

束和限制条件，形形色色的对称破缺现象普遍

存在于各类机械系统、部件和零件之中。但目

前国内外均没有对机械对称破缺种类、作用及

其应用方法进行系统研究的报道。通过本文，

读者能系统地了解对称破缺在机械系统中的存

在和作用规律，并能够在机械设计中科学地应

用对称破缺，更好地实现和发挥机械的预期功

能和效益。 

创新点：1. 创建机械对称破缺的概念和分类体系。2. 揭

示对称破缺与产品需求之间的关联性，提出应

用对称破缺实现机械功能、性能和约束需求的 8

个设计原理。3. 发明一种具有对称破缺特征的

链传动结构新方案，且其传动平稳性显著优于

现有链传动。 

方 法：1. 分析和借鉴生物学、材料结构学和建筑学等

多学科中对称破缺的研究和应用成果。2. 分析

一千多个应用对称破缺的机械实例，并从中提

炼和总结对称破缺在机械中的效用和应用规

律。3. 将归纳出的规律应用于对称破缺创新机

械的实践。 

结 论：1. 对称破缺普遍存在于机械中，并起着不可或

缺的作用。2. 通过对大量机械实例中对称破缺

所起作用的系统分析能够获取对称破缺作用于

机械的规律性知识。3. 应用上述规律性知识能

实现机械产品的创新。 

关键词：机械对称破缺；概念体系；设计原理；设计方

法和进程；创新实践 

 

 
 


