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Abstract: The spindle unit is the core component of a machine, and its stiffness is a key performance
characteristic. The stiffness consistency is a key index to measure the stiffness of spindle units;
however, there is a lack of unified evaluation methods for the spindle unit stiffness consistency. This
paper proposes a comprehensive method for the evaluation of the spindle unit stiffness consistency
based on fluctuations and comprehensive weights. First, the consistency of the spindle unit stiffness
evaluation indices is expressed based on the fluctuations. Secondly, the subjective and objective
weights of the spindle unit stiffness evaluation indices are given based on the AHP and CRITIC
weight assignment methods. To obtain the comprehensive weights of the evaluation indices, the
subjective and objective weights are synthesized based on the linear weighting method. Then,
the consistency level of the spindle unit stiffness is obtained by the weighted summation of the
comprehensive weights and fluctuations of the evaluation indices. Finally, the stiffness consistency
of a group of spindle units is evaluated based on this method, and the evaluation result shows a
10.63% fluctuation, which indicates that its stiffness consistency level is class B, in line with the factory
production requirements.

Keywords: spindle unit stiffness; consistency; fluctuation; comprehensive evaluation

1. Introduction

The spindle unit is one of the core functional components of a machine tool, and the
quality of its performance depends, to a certain extent, on the degree of development of
the machine tool. The spindle unit stiffness directly affects the machining accuracy of the
machine tool [1]. Spindle units are important in the manufacturing industry and in terms
of economic development. However, for many years, the spindle unit has been unstable,
with low reliability, poor retention, and other problems, especially regarding the key
criterion for the determination of the quality of the spindle unit stiffness. These problems
lead to the quality of the spindle unit not being effectively guaranteed. The spindle unit
stiffness consistency is a key indicator that can effectively reflect the stability, reliability, and
maintainability of its stiffness. Therefore, it is of great significance to carry out research on
spindle unit stiffness consistency evaluation methods and realize the effective evaluation
of its consistency to guarantee the reliability and stability of the spindle unit.

In research related to the consistency evaluation of machines, several scholars [2—4]
have defined the concept of consistency as the degree of approximation of the evaluated
object in terms of statistical significance to the ideal value, based on the evaluation and
analysis of the consistency and accuracy of machined parts. Some scholars [3-10] have
analyzed the consistency of the straightness of the machine guideway and optimized
the matching scheme of the guideway assembly process based on the difference in the

Machines 2024, 12, 426. https:/ /doi.org/10.3390/machines12060426

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines12060426
https://doi.org/10.3390/machines12060426
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0003-4390-0589
https://orcid.org/0000-0002-0843-815X
https://orcid.org/0000-0002-6879-7541
https://orcid.org/0000-0002-3021-1568
https://doi.org/10.3390/machines12060426
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines12060426?type=check_update&version=2

Machines 2024, 12, 426

20f12

consistency results, which provides a new idea for the evaluation of consistency. In the
evaluation of objects containing multi-indices, the most commonly used evaluation method
is the weight assignment method [11]. Weight assignment methods are categorized into
subjective and objective weight assignment methods. The most widely used subjective
weight assignment method among researchers is the AHP, which has the advantages of
logical clarity and simplicity in calculation [12,13]. Objective weight assignment methods
include the standard deviation method, the entropy weight method, the CRITIC weight
assignment method, and so on. Among them, the CRITIC weight assignment method
considers not only the effect of the coefficient of variation on the indices, but also the
correlation between the indices at the same time. It determines the weights through the
comparison of the intensity of the contrast and the degree of conflict between the evaluation
indicators [14]. In addition to this, the correlation consistency or weights, such as affiliation,
significance, and process capability indices, can be used to assist in the analysis of the
evaluation results [15,16].

At present, the consistency evaluation method mainly focuses on the evaluation of the
consistency levels of single-index evaluation objects. There is no unified methodology for
the evaluation of the consistency of an object that contains multi-indices. Therefore, it is
necessary to carry out research on the consistency evaluation of the spindle unit stiffness,
which includes several evaluation indices. This paper establishes a consistency evaluation
method based on the spindle unit stiffness, which compensates for the gap in this area.

2. Evaluation Index System for Spindle Unit Stiffness

Taking the consistency of the spindle unit stiffness as the evaluation object, there are
a number of evaluation indices. The spindle unit stiffness evaluation indices include the
dynamic stiffness, intrinsic frequency, axial static stiffness, and radial static stiffness, as
shown in Figure 1.

Spindle stiffness characteristics

I Dynamic | I Static I
A 4 A 4 y v
Evaluation Dynamic Natural Axial static Radial static
indicators stiffness frequency stiffness stiffness

Figure 1. Evaluation indices for spindle unit stiffness.

The expression for the dynamic stiffness in the spindle unit stiffness evaluation index is

2 2
Ky = % - K\/(l - Zi) + (2(;5)‘1) )

where F is the amplitude of the excitation force, A is the amplitude, K is the static stiffness,

m is the system mass, w;, = 4/ % is the intrinsic angular frequency, { = ;- is the damping
ratio,  is the damping coefficient, and r. = 2mw), is the critical damping coefficient.
The dynamic stiffness expression can be simplified as

Kp= o = Ky/(1- 227 4 (200)? @

where A is the angular frequency ratio and A = .
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From Equation (2), a direct relationship exists between the dynamic stiffness, damping
ratio, and angular frequency ratio. To obtain the variation in the dynamic stiffness K; with
the change in the angular frequency ratio A, the partial derivatives are obtained for K; with
respect to A. The partial derivative relation can be obtained. The damping ratio ¢ of 45 steel,
a commonly used material for spindles, is much smaller than 1, so it can be assumed that
&2 is a second-order small quantity. Ignoring the higher-order parameters due to the partial
derivatives of the relationship, the equation can be simplified to

9Ky _ K 1
21 =22)% 4 222)?

oA
From Equation (3), it can be seen that when the angular frequency ratio A € (0,1), the

[4AA+1)(A—1)] 3

partial derivative aa% is less than 0, and K is inversely proportional to A. Because A and
wy, are inversely proportional to each other, it can be deduced that the spindle’s intrinsic
frequency is positively correlated with the dynamic stiffness.

Based on the above analysis, it is known that the spindle’s dynamic stiffness is deter-
mined by the spindle’s static stiffness and intrinsic frequency, and the dynamic stiffness can
be replaced by the spindle static stiffness and intrinsic frequency as two evaluation indices.
In order to simplify the evaluation, the evaluation indices of the spindle unit stiffness are
adjusted to include the intrinsic frequency, axial static stiffness, and radial static stiffness.

3. Consistent Evaluation Method for Spindle Unit Stiffness

The consistency in the stiffness of the spindle unit is expressed by the consistency and
comprehensive weights of its evaluation indices, weighted and summed. In this paper,
consistency is expressed as a fluctuation, which expresses the degree of dispersion of a set
of data from its mathematical expectation or design ideal in a statistical sense.

The flowchart for the evaluation of the spindle unit stiffness consistency is shown in
Figure 2.

Evaluation Radial static | | Axial static Natural
mndicators stiffness stiffness frequency
I
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evaluation Consistency of spindle
constituencies stiftness characteristics

Figure 2. Evaluation methodology flowchart.

The stiffness consistency of the spindle unit is obtained by the weighted summation of
the fluctuations and comprehensive weights of its evaluation indices (radial static stiffness,
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axial static stiffness, and intrinsic frequency). The expression for the spindle unit stiffness
consistency B; is

T

B.=WB=|w, w, wg][B; Ba Bg] (4)

where w;, w,, and wg, respectively, represent the comprehensive weights of the radial static
stiffness, axial static stiffness, and intrinsic frequency of the spindle unit stiffness evaluation
indices. By, B, and By, respectively, represent the spindle unit stiffness evaluation indices
of the radial static stiffness, axial static stiffness, and inherent frequency fluctuation.

The comprehensive weight of the axial static stiffness of the spindle unit stiffness
evaluation indices is obtained by linearly weighting its subjective and objective weights,
and its expression is

Wq = NoWoa + NsWsa 5)

where w,, is the subjective weight of the evaluation index axial static stiffness, ws, is the
objective weight of the evaluation index axial static stiffness, and #, and 75 are the weighting
coefficients of the subjective and objective weights of the evaluation index, respectively. By
analogy, the comprehensive weights of the radial static stiffness and intrinsic frequency of
the spindle unit stiffness evaluation indices can be obtained as w, and wy.

3.1. Methodology for the Consistency Evaluation of Individual Evaluation Indices

An evaluation index’s volatility indicates the relative degree of change between mul-
tiple measurements, i.e., the degree of deviation in the characteristic values of the mass-
produced spindle unit stiffness evaluation index from its target value or mathematical
expectation. The fluctuation evaluation process for the spindle unit stiffness evaluation
index is as follows:

_ 1"
ku = aizzlkai (6)

The standard deviation o, of the axial static stiffness of the spindle unit’s stiffness
evaluation indices can reflect the degree of dispersion of its data. To express the data
around k; near the degree of density, the calculation formula is as follows:

2

00 = | =3 (ke —Fa) 7)

i=1

The fluctuation is the degree of deviation in the measured value of the evaluation
index of the spindle unit stiffness from the mathematical expectation in a statistical sense.
The fluctuation of the evaluation index of the axial static stiffness a is calculated as follows:

)

where z is the confidence interval of a normal distribution, and a 95% confidence interval
(z =1.96) can be selected in the consistency evaluation of the spindle unit stiffness. Analo-
gously to the calculation process of the axial static stiffness fluctuation B,, the spindle unit
stiffness evaluation indices of the radial static stiffness and intrinsic frequency fluctuation
can be obtained, as B, and Bg.

The spindle unit stiffness fluctuation against consistency is shown in Table 1.

ko — 204 — kao|,
kaO

Ea + 20, — kao

max (

B, =

(8)
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Table 1. Correspondence between fluctuation and consistency of spindle unit stiffness.

Level Description Fluctuation (B)

The spindle unit stiffness consistency is very good,

Grade A+ o B <83%
considering the cost.
Grade A The consistency of the spindle unit sfclffness is excellent 8.3% < B < 10%
and should be maintained.
Grade B The consistency of the spindle unit stiffness is good and 10% < B < 12.5%
should be improved as much as possible.
Grade C The consistency o.f the spindle unit stlffness: is fair and 12.5% < B < 16.7%
should be improved as soon as possible.
Grade D The consistency of the spindle unit stiffness is poor and 16.7% < B < 25%

must be improved.
The consistency of the spindle unit stiffness is too poor to
Grade E be acceptable and the process should be considered B > 25%
for modification.

+ represents a higher grade.

3.2. Comprehensive Weights Assigned to Evaluation Indices

The spindle unit stiffness is an evaluation object that includes multiple evaluation
indices, and there are two forms of consistency evaluation that synthesize multiple evalua-
tion indices: one is to take the fluctuation of the group of evaluation indices with the largest
fluctuation to indicate its consistency; the other is to apply the multi-index comprehensive
weight assignment method to determine the weight and fluctuation of each evaluation
index and to combine these to comprehensively evaluate its consistency.

Considering that the spindle unit stiffness contains many evaluation indices, it is
biased to take only the group with the largest fluctuation to represent its fluctuation. Thus,
this study adopts the multi-index comprehensive weight assignment method to evaluate
its consistency. It combines the subjective and objective evaluation weights and analyzes
the combined weight of the evaluation index’s consistency to measure the spindle unit’s
stiffness consistency:.

3.2.1. Subjective Weight Assignment

The first step of subjective weight assignment using the hierarchical method is to
divide the target layer, criterion layer, and program layer. In the evaluation of the spindle
unit’s stiffness consistency, the target layer is the spindle unit stiffness; the criterion layer is
the evaluation indices, including the radial static stiffness, axial static stiffness, and intrinsic
frequency; and the program layer is the influencing factors affecting its evaluation indices.
A sketch of the evaluation system for the stiffness of the spindle unit using the hierarchical
method is shown in Figure 3.

Turocilovel Spindle characteristic

stiffness
¥
Normative Radial static Axial static Natural
layer stiffness stiffness frequency
Programme
level Factor

Figure 3. Hierarchical diagram of spindle unit stiffness evaluation system.

The second step in the hierarchical analysis is to construct a judgment matrix. Industry
experts and scholars consider the spindle unit stiffness of each indicator to perform two-by-
two comparisons of the scoring, describing the relative importance of the degree of access
to the judgment matrix of its evaluation indicators.



Machines 2024, 12, 426

6 of 12

The evaluation indices of the spindle unit stiffness are the axial static stiffness, radial
static stiffness, and intrinsic frequency. Based on the expertise and experience of relevant
experts, the evaluation indices of the spindle unit stiffness are scored by comparing the
degrees of influence of the spindle unit two by two. This study invited senior engineers
from machine tool manufacturers as industry experts to score the spindle unit stiffness
evaluation indexes, so as to ensure the standardization of the scoring. The scoring range
was 1-9, with larger scores indicating that the indicators in the relative rows are more
important than those in the relative columns, and the scoring results of the spindle unit
stiffness evaluation indicators are shown in Table 2 (s, indicates the result of scoring the
importance of the radial static stiffness relative to the axial static stiffness, and the other
designations can be seen by analogy with s;;).

Table 2. Spindle unit stiffness characteristic judgment matrix.

Evaluation Index Axial Static Stiffness = Radial Static Stiffness  Intrinsic Frequency
Axial static stiffness 1 Sar Sag
Radial static stiffness Srq 1 Srg
Intrinsic frequency Sea Ser 1

From Table 2, the judgment matrix A of the spindle unit stiffness evaluation index is
as shown below:

1 sa Sag
As=|sra 1 spg 9)
Sea Sgr 1

Calculate the weights of the spindle unit stiffness evaluation indices based on the
judgment matrix of the evaluation indices.

1. Calculate the largest characteristic root A3 ,, and the corresponding eigenvector of the
spindle unit stiffness judgment matrix As.
Apax — 1
Cly = & — 10
. (10)
where 7 is the unique non-zero characteristic root.
2. Calculate the average random consistency index R1I, corresponding to the eigenvectors
of the judgment matrix of the spindle unit stiffness (this can be obtained by consulting

the standard tables).
3. Calculate the spindle unit stiffness judgment matrix eigenvector score consistency
ratio CR,
Clg
R. = —= 11
CR: = & a1

If the result of the consistency test of the AHP evaluation score of the spindle unit
stiffness is CRs < 0.1, then the assignment of the AHP score is reasonable. The normalized
spindle unit stiffness judgment matrix is summed in parallel to obtain the subjective
weights of the spindle unit stiffness evaluation indices of the radial static stiffness, axial
static stiffness, and intrinsic frequency, wo,, Woa, and wyg.

3.2.2. Objective Weight Assignment

The CRITIC weight assignment method is adopted to carry out the objective weight cal-
culation of the spindle unit stiffness evaluation index. The calculation process is as follows.

1.  The evaluation matrix based on the spindle unit stiffness evaluation index data
is constructed.
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ki ka kgl
. er kuZ ng

(12)
Kim  Kam kgm
where X is the evaluation matrix of the spindle unit stiffness evaluation index; k,;, k,;,
and k,; represent the measured values of the spindle radial static stiffness, axial static
stiffness, and intrinsic frequency, respectively.
2. The data normalization of the spindle unit stiffness evaluation indices is carried out.
The evaluation indices of the spindle unit stiffness, axial static stiffness, radial static

stiffness, and intrinsic frequency are all positive indices whose normalized formulas

are as follows: in(x)
’ Xjj — mun(x
e 1
Xij max(x) — min(x) (13

where x! ; is the normalized spindle unit stiffness evaluation index measurement data,
x;; is the spindle unit stiffness evaluation index measurement data, and x is the set of
spindle unit stiffness evaluation index measurement data.

3. The variability of the evaluation index for the axial static stiffness is expressed in the
form of a standard deviation o,

4. The conflicting nature of the evaluation index axial static stiffness is expressed in the
form of correlation coefficients, with #;* indicating the correlation coefficient between
the evaluation index axial static stiffness 2 and a; data.

Ro =30, (1=1) (14)

5. The greater the information quantity C,, the greater the degree of influence of the
evaluation index axial static stiffness on the spindle unit stiffness, and greater weight
should be assigned to it.

Co=0a) o (1-1)=0a xR, (15)

6.  The expression for the objective weight ws, of the evaluation index of the axial static

stiffness is
Cq

Sl (16)
iz1Ca

Wsq =

Analogously to the calculation of the comprehensive weight ws, of the spindle unit’s

axial static stiffness, one can obtain the comprehensive weights of the spindle unit’s radial
static stiffness and intrinsic frequency, ws, and ws,.

4. Experimental Verification of Spindle Unit Stiffness Consistency Evaluation
4.1. Spindle Unit Stiffness Test
4.1.1. Static Stiffness Test

This study considers the detection of the radial static stiffness and axial static stiffness
of seven spindles of a certain type of lathe. The spindle’s static stiffness testing process is
as follows.

The spindle unit is fixed to the platform by fixing the jacket of the spindle through the
combination of a pressure plate and a V-block; the loading device connects the platform and
the front end of the spindle based on an L-bracket (the pads are used for radial loading) and
the loading of the spindle is realized through the rotation of the bolts; a micrometer detects
the deformation of the front end of the spindle based on the support of the gauge holder
in the relative direction of the loading force (the axial static stiffness test is performed in
the same direction as the loading force); the loading force can be measured by pressure
sensing in the loading device. Based on the above constraints and detection conditions, the
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deformation of the front end of the spindle is detected for gradual loading (0~2000 N, with
the load increasing by 500 N each time) and gradual unloading (2000~0 N, with the load
decreasing by 500 N each time), and two sets of data corresponding to the deformation
of the front end of the spindle can be obtained for the same load. Moreover, the average
of the two sets of data is taken as the deformation of the front end of the spindle for the
corresponding loading conditions. The static stiffness of the spindle unit is the ratio of
the loading force and deformation, and the average value of the stiffness under different
loading force conditions is taken as the result of its stiffness test.

The experimental diagram of the seven-spindle static stiffness test of a certain type of
lathe is shown in Figure 4, and the test results are shown in Table 3.

1
2

(b)

Figure 4. Experimental diagram of spindle static stiffness detection: (a) radial static stiffness; (b) axial
static stiffness. 1. V-block, 2. Plate, 3. Micrometer, 4. Gauge holder, 5. Force transducer, 6. L-bracket
(pads), 7. Load force monitor.

Table 3. Spindle unit stiffness evaluation index experimental measurement data.

No Radial Static Stiffness Axial Static Stiffness  Intrinsic Frequency

: (N/um) (N/um) (Hz)

1 450.79 611.11 650

2 475.31 539.68 636.3

3 466.67 577.78 655

4 484.13 611.11 663.8

5 539.68 666.67 660

6 500.00 650.79 637

7 466.67 595.24 635.5
Target value 483 607 648

4.1.2. Intrinsic Frequency Detection

Next, this study considers the detection of the first-order intrinsic frequencies of seven
spindles of a certain type of lathe. The spindle’s intrinsic frequency detection process is
as follows.

The spindle unit is restrained by means of slings and rings, which ensure that the
spindle is in a freely restrained state; vibration sensors are installed at the response point
(front bearing parts) to collect the spindle’s vibration signals at the time of impact, using
the force hammer at the excitation point (rear bearing parts) to apply impact. Through the
head of the hammer, the impacts of the force sensors are collected; the sensor signal is then
sent to the processor and uploaded to the host computer, based on the PULSE system, to
obtain the frequency response curve of the spindle. The curve is analyzed to obtain the
spindle’s intrinsic frequency.
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The experimental diagram for the detection of the intrinsic frequencies of seven
spindles of a certain type of lathe is shown in Figure 5, and the detection results are shown
in Table 3.

Figure 5. Experimental study of spindle intrinsic frequency. 1. Host computer, 2. Force hammer,
3. Processor, 4. Vibration sensor, 5. Spindle.

4.2. Consistency Evaluation of Spindle Unit Stiffness

Based on the spindle unit stiffness consistency evaluation method and the seven-
spindle stiffness experimental testing data of a certain type of lathe, a consistency evaluation
analysis is performed. The spindle unit stiffness evaluation index experimental test data
for a certain type of lathe are shown in Table 3.

1. Based on Equations (9)—(11), the fluctuations B,, B, and B of each evaluation index
are calculated and the results are shown in Table 4.

Table 4. Results of the evaluation of the fluctuations of the evaluation indices.

Evaluation Index Radial Static Stiffness Axial Static Stiffness Intrinsic Frequency

Fluctuation 11.06% 12.90% 3.39%

As can be seen from Table 4, the consistency of the radial static stiffness in the spindle
unit’s stiffness evaluation index is good, located within the B level, but still needs to be
improved; the consistency of the axial static stiffness in the spindle unit’s stiffness evaluation
index is general, located within the C level, and needs to be improved; the consistency of
the intrinsic frequency in the spindle unit’s stiffness evaluation index is very good, located
within the A+ level, which can be considered to reduce the cost. From the aforementioned
results, it can be found that, for the same batch of spindle units, the consistency level of
the stiffness evaluation indices varies. Therefore, the use of the consistency level of one
evaluation index, the spindle unit stiffness, to represent its consistency level causes bias.

2. Based on the subjective weight assignment method using the three spindle unit
stiffness evaluation indices for subjective assignment, the evaluation indices in terms
of the score comparison table and the subjective assignment results are as shown in
Table 5 and Figure 6.

Table 5. Judgment matrix of spindle unit stiffness evaluation indices.

Evaluation Index Axial Static Stiffness  Radial Static Stiffness  Intrinsic Frequency
Axial static stiffness 1 1/4 3
Radial static stiffness 4 1 6

Intrinsic frequency 1/3 1/6 1
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Figure 6. Weights of spindle unit stiffness assessment indicators.

The result of the AHP evaluation score consistency test for the spindle unit stiffness
CRs =0.027 < 0.1, and the AHP score assignment is reasonable. The subjective weights w,,,
Woa, and wyg of the spindle unit stiffness evaluation indices were obtained, as shown in
Figure 6.

3. Based on the objective weight assignment method for the three spindle unit stiffness
evaluation indices using objective assignment via Equations (12)—(16), the calculation
of the spindle evaluation indices regarding the objective assignment results ws;, ws,,
and wsg can be performed, as shown in Figure 6.

4.  Based on the linear weighting method using Equation (5), the subjective and objective
weights of the spindle unit stiffness evaluation indices are synthesized to obtain the
comprehensive weighting results w;, w,, and wy of the evaluation indices, as shown
in Figure 6.

5. The fluctuation and the comprehensive weight of the single evaluation index of the
spindle unit stiffness are substituted into Equation (4), and the fluctuation B, can
be obtained as 10.63%. The stiffness consistency of the spindle units in this group
is located within level B. Its consistency is good, but it still needs to be improved
and optimized.

Through the evaluation of the consistency of the spindle unit stiffness of a certain
type of lathe, the feasibility of the spindle unit stiffness consistency evaluation method
proposed in this paper has been verified. It is scientific and reasonable, with simplicity and
operational applicability.

5. Discussion and Recommendations

In this paper, the consistency of the spindle unit stiffness, as a multi-index evaluation
object, is divided into two parts for evaluation: one part is used to evaluate the consistency
of the single evaluation index, and the other part is used to obtain the comprehensive
weight of its evaluation index relative to it. The consistency of the spindle unit stiffness
is obtained by combining the consistency of its individual evaluation indices with the
combined weights. Analogous to the principle of the consistency evaluation of the spindle
unit stiffness, based on this method, it is possible to evaluate the consistency of multiple
indicators of spindle unit properties of the same data type. This paper expresses the level of
consistency through the fluctuation degree, but other methods can also be used to express
the consistency, such as the ICC intra-group correlation coefficient, Kappa test coefficient,
and Kendall coefficient, which can be chosen according to the characteristics of different
evaluation objects.
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Based on the characteristics of the spindle unit stiffness consistency evaluation method
in this paper, the rules to be followed in evaluating the stiffness consistency of a group of
spindle units in the actual production environment are summarized as follows.

1. Selection of evaluation indices. The actual application characteristics of different
spindles determine differences in their indices of concern. Based on the different
processing requirements, it is necessary to select the actual spindle unit stiffness of
the index as the consistency evaluation index. The low-speed, heavy-duty conditions
of the spindle can be removed as appropriate dynamic-stiffness-related indices, to
ensure the accuracy of the evaluation based on the premise of alleviating the difficulty
of experimental testing.

2. Selection of data volume. As the consistency of the spindle unit stiffness expresses the
degree of dispersion of the spindle unit stiffness of a batch of spindles, the number of
spindles for which raw data are collected should not be less than five.

3. Specifications of data detection. As the consistency of the spindle unit stiffness is
generally used to express the consistency of the same type and batch of spindles, the
fluctuation of the data is limited. In order to prevent the evaluation results from being
too large, the uniformity of the experimental testing process of the data should be
strictly controlled to reduce the generation of errors and guarantee the accuracy of the
consistency evaluation.

6. Conclusions

This paper proposes a method for the evaluation of the spindle unit stiffness consis-
tency, which enables the evaluation of the level of performance consistency of spindle units
with the same data type.

1.  Addressing the situation whereby the spindle unit stiffness contains multiple eval-
uation indices, a multi-index comprehensive weighting model is established. The
multi-index comprehensive weighting model takes into account the subjective and
objective weights of the evaluation indices, which makes the weighting results more
comprehensive and reasonable. Based on the comprehensive weights of the spindle
unit stiffness evaluation indices, the fluctuations of its evaluation indices are weighted
and summed to obtain its comprehensive consistency level.

2. Based on a set of experimental data on the spindle unit stiffness, the statistical fluc-
tuation method is applied to obtain the fluctuation of its evaluation indices, and
the multi-index comprehensive weight assignment model is applied to obtain the
comprehensive weight of its evaluation indices. Finally, the consistency level of the
stiffness of a group of spindle units is obtained by the weighted summation of the
fluctuations of their evaluation indices. The spindle unit stiffness consistency level
of this group is the B level, which is in accordance with the grade range of factory
products. The B level indicates that the group of spindle units” stiffness consistency is
good, but there is still room for improvement. The evaluation of the spindle unit’s
stiffness consistency for this group verifies the feasibility of the spindle unit stiffness
consistency evaluation method.

3.  In summary, the spindle performance consistency evaluation, aiming to follow the
general evaluation rules, should be based on different machines’ spindle unit stiffness
characteristics, focusing on the flexible selection of the evaluation index, determining
the number of evaluations, and so on, to provide a unified method for the evaluation
of the spindle unit’s performance consistency.

In the future, our primary task is to increase the application of the spindle unit stiffness
consistency evaluation method, in order to more comprehensively verify the value of the
evaluation method in actual production and processing and to identify the defects in the
evaluation method. Our next step is to cooperate with a machine tool factory to carry out
the evaluation of the spindle unit stiffness consistency in the spindle unit product inspection
process, as well as to collect user feedback to analyze the comprehensive impact of the
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spindle unit’s stiffness consistency on the user experience. We will also analyze the factors
affecting the spindle unit’s stiffness consistency, adjust the spindle unit parts’ processing
and assembly standards, and try to control the spindle unit’s stiffness consistency.
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