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Abstract

Straightening rolls used in aluminum strip production are progressively contaminated by
metal particles and fine debris that adhere to their surfaces. Periodic polishing is therefore
required to restore the surface condition of the rolls while avoiding excessive material
removal or surface damage. This study developed an automated polishing machine for
aluminum strip straightening rolls using the Theory of Inventive Problem Solving (TRIZ) as
a systematic engineering-design framework. Two engineering problems were considered:
achieving effective contaminant removal without degrading the roll surface and improving
loading and unloading productivity without introducing excessive device complexity.
The problems were formalized using TRIZ engineering parameters and a contradiction
matrix, after which candidate inventive principles were screened according to the physical
requirements of the polishing process. The contradiction matrix was therefore used as a
candidate-generation tool and engineering screening as the selection criterion. Based on
the resulting design requirements, the machine was configured with an abrasive-belt feed
mechanism, a lifting mechanism, and an automated loading and unloading mechanism. A
programmable logic controller, servo and stepper drives, and an abrasive-belt system were
integrated to coordinate workpiece positioning and polishing. A physical prototype was
fabricated and evaluated using a two-group comparative test against manual polishing.
Surface roughness was measured at three axial positions using a Surftest S]-210 portable
surface roughness tester. In this workshop-scale comparison of three rolls per method,
machine-polished rolls exhibited lower mean Ra values and markedly smaller scatter
than manually polished rolls, with 0.075 + 0.004 um compared with 0.951 £ 0.179 pm.
Workshop records indicate an increase in polishing throughput from approximately 55
to 165 rolls/month. All nine machine-polished measurements satisfied the workshop
acceptance criterion of Ra < 0.6 um, whereas all nine manually polished measurements
exceeded it. These observations support the engineering feasibility of the proposed machine
architecture under the investigated conditions.

Keywords: TRIZ; contradiction matrix; abrasive-belt polishing; straightening roll; polishing
machine

1. Introduction

The surface condition of working rolls is an important factor in strip-processing quality
because roll topography and surface degradation can be transferred to, or otherwise affect,
the processed material. Recent rolling studies have demonstrated that changes in work-roll
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surface topography can alter the surface characteristics and mechanical response of thin
metallic strips, while industrial straightening rolls are also subject to progressive wear under
repeated rolling and sliding contact [1,2]. These observations indicate that the condition
of a straightening-roll surface should be treated as a functional manufacturing variable
rather than merely as a maintenance issue. For straightening rolls used in aluminum strip
production, adhered metal particles, fine debris, and progressive surface deterioration
therefore require periodic surface treatment to maintain an appropriate working surface.
Grinding and polishing of large metallic components are still frequently performed
manually because manual tools are inexpensive and adaptable to different workpieces.
However, manual polishing is inherently dependent on operator experience, posture,
applied force, and local judgment, which makes it difficult to maintain consistent material
removal over a long surface. Recent reviews of robot-assisted polishing and robotic abrasive-
belt grinding show that the research focus has consequently shifted toward automated
systems that combine controlled tool motion, force regulation, process sensing, and surface-
quality evaluation [3,4]. These developments demonstrate the feasibility of replacing
strongly operator-dependent finishing operations with controlled mechanical processes, but
they also show that polishing quality remains sensitive to the interaction among machine
stiffness, contact mechanics, tool trajectory, abrasive condition, and process parameters.
Among available finishing technologies, abrasive-belt grinding is particularly attrac-
tive for surface finishing because the compliant belt can accommodate local geometric
deviations while maintaining a relatively large contact region. Nevertheless, belt compli-
ance also makes material removal more difficult to predict than in rigid-tool machining.
Recent studies have shown that surface formation and surface integrity depend on the
dynamic interaction among abrasive grains, the compliant backing, the contact wheel,
and the workpiece [5]. The relationship between normal force and actual removal depth
is nonlinear because elastic deformation occurs within the grinding contact [6]. In addi-
tion, smooth trajectory generation and stable force regulation are required to avoid force
overshoot and local surface deterioration [7]. Adaptive process optimization based on
online surface information can further improve material-removal consistency [8], while
precise contact-force control has been shown to improve both polishing stability and final
surface roughness [9]. Investigations of variable-inclination belt grinding and grain-scale
material-removal mechanisms have similarly demonstrated that force distribution, abrasive
geometry, and local contact conditions are central to controlling surface integrity [10,11].
More recent work has increasingly integrated mechanical design with active com-
pliance, sensing, and adaptive control. Li et al. developed a multi-tool robotic system
combined with variable impedance control for grinding and polishing complex blade
features [12]. Chen et al. introduced a two-degree-of-freedom active compliant end-effector
to improve force-control accuracy during curved-surface grinding [13], while Li et al.
examined compliant-tool optimization for complex surfaces under confined machining
conditions [14]. Process stability is also affected by the abrasive tool itself. Image-based
monitoring has been used to identify abrasive-belt wear states during grinding [15], and
wear-evolution models have demonstrated that changes in structured abrasive belts directly
modify material-removal behavior and surface roughness [16]. More recently, integrated
robotic polishing platforms have combined machine vision, constant-force control, process
planning, and multivariable roughness prediction within a single machining system [17].
Collectively, these studies show that high-quality automated finishing depends not on a
single component or control parameter, but on coordinated control of contact force, relative
motion, abrasive condition, workpiece positioning, and process sequencing.
However, the most recent literature has concentrated on robotic finishing of geometri-
cally complex and high-value components such as aero-engine blades, blisks, weld seams,
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and large free-form surfaces. The engineering requirements for straightening-roll polishing
are different. The workpiece geometry is comparatively simple, but the rolls are long
and relatively heavy, and an industrial machine must integrate loading, lifting, centering,
rotation, abrasive-belt feeding, axial traversal, and unloading while maintaining consistent
contact conditions along the working surface. Introducing additional automation can
increase productivity, but it also increases the number of actuators, transmission elements,
and control functions. Likewise, increasing abrasive action can improve contaminant
removal but may increase unnecessary material removal or surface damage. The design
problem is therefore characterized by competing engineering requirements rather than by
polishing-process optimization alone.

The Theory of Inventive Problem Solving (TRIZ) provides a structured means of
formulating such competing requirements as engineering contradictions and generating
candidate solution principles. Recent reviews show that TRIZ continues to be used for
engineering-system evolution, systematic innovation, and computer-aided design sup-
port, while also identifying the need to link generic inventive principles more explicitly to
engineering implementation [18]. Computational design studies have shown that TRIZ
can support problem structuring and design exploration when conflicting objectives must
be considered simultaneously [19]. TRIZ-based contradiction analysis has also been in-
corporated into recent product-design methodologies to translate competing functional
requirements into alternative design concepts [20]. These studies support the use of TRIZ
as a problem-formulation and concept-generation framework rather than as a substitute
for detailed mechanical design or experimental validation.

Accordingly, this study applies TRIZ-assisted engineering design to develop an auto-
mated polishing machine for aluminum strip straightening rolls. Two design problems are
considered: maintaining effective surface polishing while limiting undesirable surface dete-
rioration, and improving loading and unloading productivity without introducing unnec-
essary device complexity. The resulting concepts are implemented through an abrasive-belt
feed mechanism, a lifting mechanism, an automated loading and unloading mechanism,
and coordinated workpiece positioning and motion control. A physical prototype is subse-
quently fabricated and evaluated under workshop conditions by comparing the surface
roughness of machine-polished and manually polished straightening rolls. The objective is
not to propose a new TRIZ theory or a general robotic-polishing algorithm, but to examine
whether a contradiction-driven design process can be translated into a workable industrial
machine architecture for straightening-roll polishing.

2. System Description

The proposed straightening-roll polishing machine consists of three principal subsys-
tems: an abrasive-belt feed mechanism, a lifting mechanism, and a loading and unloading
mechanism.

The abrasive-belt feed mechanism provides the polishing action and the controlled
radial and axial motions required to cover the roll surface. An abrasive-belt drive motor
generates the belt motion, while the feed drive positions the abrasive-belt assembly rel-
ative to the workpiece. A tensioning structure maintains the required belt tension and
contact condition.

The lifting mechanism raises the straightening roll from the loading position to the
spindle axis. It provides vertical positioning before the roll is positioned between the
spindle center and the tailstock center.

The loading and unloading mechanism transfers straightening rolls among the storage,
machining, and completed-workpiece areas. A motor-driven chain-and-sprocket system
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transports each roll toward the machining station. Guide elements position the roll for
lifting. After polishing, the roll is lowered and transferred to the unloading area.

During operation, a straightening roll is first transported to the machining station by
the loading mechanism. The lifting mechanism then raises the roll until its axis is aligned
with the spindle axis. The tailstock advances, and the roll is positioned between the spindle
center and the tailstock center. A hollow three-jaw chuck subsequently transmits spindle
rotation to the workpiece while maintaining the required alignment.

After the workpiece has been positioned, the abrasive-belt feed mechanism moves
toward the roll until the required contact condition is established. The spindle rotates the
roll, the abrasive belt provides the polishing motion, and the feed mechanism traverses
along the workpiece to cover the required axial region.

After polishing, the abrasive-belt mechanism retracts, the chuck releases the work-
piece, and the tailstock moves away. The lifting mechanism lowers the straighten-
ing roll onto the unloading guide structure, after which the roll is transferred to the
completed-workpiece area.

3. TRIZ-Assisted Structural Design of the Polishing Machine
3.1. Problem Formulation

During aluminum strip straightening, direct contact occurs between the strip and
the straightening rolls. Metal particles and fine debris can consequently adhere to the roll
surfaces, reducing surface quality and potentially affecting the quality of the processed
strip. A dedicated polishing machine is therefore required to remove these contaminants
while maintaining the surface condition of the rolls.

Based on the machining requirements and operating conditions, two engineering
problems were identified.

The first problem concerns surface treatment. The polishing system must provide
sufficient abrasive action to remove adhered contaminants, while excessive contact force,
material removal, or unstable motion may degrade the roll surface.

The second problem concerns material handling. Increasing loading and unloading
productivity generally requires additional actuators, transmission elements, and control
functions, which may increase device complexity.

The first problem was treated as the primary design problem because it directly
determines whether the machine can satisfy the polishing requirement. The second prob-
lem was treated as a supporting automation problem. Both were analyzed using TRIZ
contradiction analysis.

3.2. TRIZ Contradiction Analysis

In TRIZ, a technical contradiction describes a situation in which an improvement in
one engineering characteristic causes a deterioration in another. The contradiction-analysis
procedure used in this study consisted of three steps. First, each engineering problem
was expressed in terms of an improving parameter and a worsening parameter. Second,
the corresponding contradiction-matrix entry was queried to identify candidate inven-
tive principles. Third, the candidate principles were screened according to the physical
requirements and structural constraints of the polishing machine.

For the surface-treatment problem, the desired improvement was mapped to Manu-
facturing Precision (engineering parameter 29), whereas the undesirable consequence was
mapped to Loss of Time (engineering parameter 25). This matrix cell yielded the candidate
inventive principles 32, 26, 28, and 18.

Principle 32 (Color Change) and Principle 26 (Copying) were rejected because nei-
ther has a physical counterpart in abrasive removal or in the mechanical structure of the
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machine. Principle 28 (Mechanics Substitution) was not applied to this problem because
substituting mechanical action with electrical or control action does not by itself constrain
material removal; it was retained for the material-handling contradiction instead. Principle
18 (Mechanical Vibration) was rejected because superimposed vibration increases abrasive
action and therefore conflicts with the requirement of limiting unnecessary material re-
moval and surface damage. Because the contradiction between improving parameter 29
and worsening parameter 25 is fundamentally a matter of the duration and repetition of the
contact, Inventive Principle 19: Periodic Action was introduced during engineering screen-
ing as a supplementary principle and was adopted to organize the repeated coordination of
abrasive-belt motion, feed motion, and roll rotation. The criterion for its adoption is the tem-
poral structure of the polishing contact: the operation requires repeatable, time-controlled
passes under predefined conditions.

For the material-handling problem, the improving parameter was defined as Produc-
tivity (engineering parameter 39), whereas the worsening parameter was defined as Device
Complexity (engineering parameter 36). This matrix cell yielded the candidate inventive
principles 6, 12,10, 1, 28, 27, 17, and 31.

Among the candidate principles, Inventive Principle 17: Another Dimension pro-
vides a direct conceptual basis for the lifting mechanism because the straightening roll is
transferred vertically from the loading level to the spindle axis. The overall automation
concept also incorporates electrical and electronic control functions in place of some man-
ually executed mechanical operations, which is consistent with the general direction of
Inventive Principle 28: Mechanics Substitution. The remaining candidates 6, 12, 10, 1, 27,
and 31 imply segmented, spherical, or pneumatic structures that would add mechanical
complexity without improving the vertical transfer of the workpiece or reducing manual
handling. The rationale for the principles adopted from this cell is given in Table 1.

Table 1. TRIZ contradiction analysis and mapping of the adopted principles to the structural design.

Contradiction .
. . Candidate . .
Engineering Parameters . . . Adopted Resulting Design
Principles from Screening Rationale .
Problem (Improv- . Principle(s) Feature
. . the Matrix
ing/Worsening)
32 and 26 have no
physical counterpart in .
Contaminant abrasive removal; 28 does 19 (Periodic Coor.d inated roll
. . . . rotation,
removal Manufacturing not constrain material Action), abrasive-belt
without Precision (29)/Loss 32, 26,28,18 removal; 18 conflicts with  introduced as a motion and axial
degrading the  of Time (25) limiting surface damage. supplementary feed in repeated
roll surface The contradiction principle asses P
concerns the duration and p
repetition of the contact.
17 matches the vertical
transfer between the Lifting mechanism
Higher loading loading level and the transferring the
and unloading spindle axis; 28 matches 17 (Another roll vertically to
productivity Productivity 6.12.10.1.28. 27 the replacement of Dimension), 28 the spindle axis;
without (39)/Device 1’7 3’1 e manually executed (Mechanics, automated loading
excessive Complexity (36) ’ operations by electrical - and unloading
. : Substitution) .
device and electronic control; the with
complexity material-handling design PLC-controlled
is therefore based on actuation

principles 17 and 28.
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Table 1 summarizes the contradiction parameters, the matrix-listed candidate prin-
ciples, the screening rationale, and the resulting design features for both engineering
problems.

3.3. Structural Design

The resulting machine architecture consists of the abrasive-belt feed mechanism, lifting
mechanism, loading and unloading mechanism, spindle and tailstock positioning system,
and associated control system.

3.3.1. System-Component and Functional Analysis

A system-component analysis was conducted to identify the principal functional ele-
ments of the polishing machine. The machine was decomposed into subsystem components
associated with abrasive-belt feeding, lifting, and workpiece transfer.The main components
of each subsystem are listed in Table 2.

Table 2. Main components of the polishing machine.

System Subsystem Main Components

Sanding Belt (SaB)
Feed Base (FB)
Abrasive-belt feed Feed Motor (FM)
mechanism Sanding Belt Motor (SBM)
Hydraulic Rod (HR)
Sanding Belt Wheel (SBW)

Polishing machine Lifting Screw (LS)
Lifting mechanism Support Bearing (SuB)
Cradle

Loading Chain (LC)
Loading Motor (LM)
Sprocket
Cutting Seat (CS)
Unloading Screws (US)

Loading and unloading
mechanism

The pairwise component interactions are represented in the component interaction
matrix shown in Table 3. A “+” indicates a direct functional or mechanical interaction
between two components, whereas a “—" indicates that no direct interaction is considered in
the present model. The diagonal entries are omitted because a component is not compared
with itself.

Table 3 presents the direct interaction relationships among the main components of
the polishing machine. The matrix served to trace the transmission of motion and force
among the subsystems and to identify the component pairs that govern the structural load
paths; these pairs are examined quantitatively in Section 3.4.

Based on the component analysis, a functional model of the polishing machine was
established, as shown in Figure 1. Electrical energy supplied to the drive motors is con-
verted into the rotational and translational motions required for abrasive-belt polishing
and workpiece handling.

A programmable logic controller (PLC) coordinates the principal actuators. Limit
switches are installed at critical travel boundaries as safety devices. Servo and stepper
drives are used to control workpiece positioning and feed motion. The principal polishing
parameters include belt linear speed, feed speed, roll rotational speed, and grinding force.

https://doi.org/10.3390/pr14203307
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Table 3. Component interaction matrix.

Component SaB FB

FM SBM HR SBW LS SuB Cradle LC LM  Sprocket CS US

SaB — +
FB + —
M — +
SBM + +
HR — +
SBW + +
LS — —
SuB — —
Cradle — —
LC — —
LM - -
Sprocket — —
CS — —
Us — —

*‘ilf;lf’:élishing machiarg??‘

I

|

| |

Abrasive belt fee

drive drive
Lift the lead screw Cage Motor Blanking screw

di hani
drive F ing mechanism

Abrasive belts

Hydraulic rods

prop up drive drive

Support bearings Sprocket Blanking seat

drive drive

fixed

drive l

grinding wheel

drive
Feed base @ f«————————— Feed motor Feeding chain

driveT
| fixed

< > Ultrasystem components

Abrasive belt motor

El System components

Figure 1. Functional model of the polishing machine.

3.3.2. Abrasive-Belt Feed Mechanism

The abrasive-belt feed mechanism was designed to provide repeatable polishing over
the straightening-roll surface. The main structural frame is welded to provide sufficient
structural rigidity.The structural configuration of the abrasive-belt feed mechanism is
shown in Figure 2.

The abrasive-belt assembly is supported by cantilever structures arranged to provide
access to the cylindrical workpiece. The belt path forms a V-shaped arrangement around
the polishing region, increasing the available contact area while maintaining sufficient
clearance for the roll.

An additional idler pulley is used for abrasive-belt tensioning. A hydraulic actuator
provides the required tensioning or contact-support force. The complete abrasive-belt feed
assembly is translated by a stepper-motor-driven screw mechanism so that the abrasive belt
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can approach the roll, establish contact with its surface, traverse along the axial direction,
and subsequently retract.

=

Figure 2. Structural configuration of the abrasive-belt feed mechanism.

The cyclic coordination of abrasive-belt motion, feed motion, and roll rotation provides
repeated coverage of the target surface and reduces dependence on operator posture and
manually applied force.

3.3.3. Lifting and Workpiece-Transfer Mechanisms

The lifting mechanism transfers the straightening roll vertically from the loading
position to the spindle axis. A motor drives the lifting screw through the associated
transmission structure. A roll support cradle mounted at the upper end of the lifting
assembly supports the workpiece during vertical positioning.

Support bearings incorporated into the cradle reduce resistance during workpiece
positioning and facilitate alignment with the spindle and tailstock centers. The overall
structure of the lifting mechanism is shown in Figure 3.

The vertical transfer of the straightening roll provides the engineering implementation
of Inventive Principle 17: Another Dimension. After the roll reaches the required height, it
is positioned between the spindle center and the tailstock center before rotational motion is
transmitted through the chuck.

The loading and unloading mechanism uses a chain-and-sprocket transmission and
intermediate receiving structures to move the workpiece among the storage, machining,
and completed-workpiece regions.

https:/ /doi.org/10.3390/ pr14203307
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Figure 3. Lifting mechanism.

3.4. Analytical Design Checks of Principal Components

The principal mechanical and drive components were checked against the loads of the
polishing operation; the values used are given in Table 4. Five load cases were considered.
The abrasive-belt drive must generate the tangential force at the belt-roll contact within
the rated torque and power of the drive motor. The belt-roll contact load, established by
the abrasive-belt feed mechanism, is reacted by the spindle, the support bearings, and the
frame, and is superimposed on the belt-tensioning force applied by the hydraulic cylinder
through the tensioning pulley. The abrasive-belt feed screw carries the axial thrust, and the
straightening roll and its cradle impose the vertical load that governs the lifting screw and
the cradle support bearings. The unloading cantilever platform receives the polished roll
after the polishing pass.

Table 4. Analytical design checks of the principal mechanical and drive components.

Component/Load Case Governing Relation Values Used

Abrasive-belt drive

P =Ft-vb A 2.2 kW induction motor
motor

Belt tension 60 N (Table 5); system

Abrasive-belt tensioning T > Ft rated pressure 5 MPa

Abrasive-belt feed screw  F=pus-m-g T32 > 6 trapezoidal screw; feed

thrust 153 N

T30 x 6 trapezoidal screw; axial
Lifting screw o=mg/A load 241 kg; 0 = 5.7 MPa; f = 0.10,

lead angle 4.1°, friction angle 5.9°
Spindle and cradle .
support bearings C/P 6306 deep-groove ball bearings
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Table 4. Cont.

Component/Load Case

Governing Relation

Values Used

Unloading cantilever
platform

o=M/Wx

Cast steel; 1300 N at a 400 mm
overhang; 50 mm square section;
safety factor 2 on the yield
strength; o = 25 MPa

Structural stiffness of the
abrasive-belt feed frame

Static equilibrium of
the feed assembly

The polishing assembly is carried
on linear guideways; the frame
reacts to the belt tensioning force
and the contact force (Table 5)

Table 5. Polishing conditions, tool specifications and surface-roughness measurement protocol.

Parameter Value
Prototype polishing
Belt linear speed, vb (m/s) 15
Axial feed speed (mm/min) 100-200
Roll rotational speed (r/min) 60
Number of polishing passes per roll 1
Contact (normal) force between belt 30

and roll, Fn (N)

Abrasive-belt tensioning

60 N, applied by a hydraulic tensioning cylinder; the
hydraulic system is rated at a maximum pressure of
5MPa

Nominal cycle time per roll

approximately 35 min

Abrasive belt

Grit designation

1000 mesh

Abrasive grain material

Aluminum oxide (Al,O3)

Backing type

Cloth backing

Belt dimensions (width x length, mm)

60 x 1000

Manufacturer

3M Company, St. Paul, MN, USA

Manual polishing

Procedure and tool

Handheld angle grinder with a 100-mesh wheel;
endpoint determined by visual inspection

Operator experience

More than five years

Manual contact force

Controlled by the experience of the skilled operator

Working posture

The operator works in a sitting position and guides the
angle grinder along the roll by hand

Nominal cycle time per roll

Approximately 120 min

Roughness measurement

Instrument and method

Surftest SJ-210 portable surface roughness tester
(Mitutoyo Corporation, Kawasaki, Japan), contact
stylus method

Measurement positions

Three axial positions per roll, with at least three
repeated measurements at each position

Surface acceptance criterion of the
production workshop

Ra < 0.6 um
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The governing relations are as follows. The power at the belt drive is obtained from
the tangential force at the polishing contact as P = Ft-vb. The belt tension must at least
equal the tangential force transmitted at the contact, T > Ft. The thrust needed to translate
the belt assembly along its guideways is F = us-m-g, where ps is the friction coefficient of
the guideways and m is the sliding mass. The lifting screw is checked in compression by o
=mg/A, where A is the cross-sectional area of the screw, and the stress is compared with
the allowable stress of the screw material. The cradle bearings are checked by the load ratio
C/P, where C is the basic dynamic load rating, and P is the equivalent dynamic load. The
unloading cantilever is checked in bending by 0 = M/Wx, where M = F'1 is the bending
moment produced by the load F acting at the overhang 1.

For the polishing pass reported here, the contact force is Fn = 30 N, the belt speed is
vb = 15 m/s, and the belt tension is 60 N (Table 5).

4. Results and Discussion
4.1. Prototype Test Design

A physical prototype was fabricated to evaluate whether the proposed machine could
polish straightening-roll surfaces under workshop conditions. Six straightening rolls
were selected from the production workshop for the comparative test. The rolls had
diameters of 40-80 mm and lengths of 2500-4000 mm and were made of 100Cr6 steel,
giving an individual roll mass of approximately 25-157 kg. Three rolls were polished
with the prototype machine and three manually, so that three rolls were assigned to each
polishing method.

For the machine-polishing group, each roll was subjected to a single polishing pass
with a 1000-mesh abrasive belt on the prototype machine; the principal parameters and
the belt specification are given in Table 5. For the manual-polishing group, a handheld
angle grinder with a 100-mesh wheel was used by an operator with more than five years of
experience, following the existing workshop procedure and determining the endpoint by
visual inspection; the tool, the working posture, and the cycle time are also summarized
in Table 5.

Surface roughness was selected as the primary surface-quality metric and was mea-
sured by a qualified third-party testing organization with a Surftest SJ-210 portable sur-
face roughness tester manufactured by Mitutoyo Measuring Instruments (Shanghai) Co.,
Ltd.(Shanghai, China), using the contact stylus method. The instrument has an X-axis
measuring range of 16 mm and a detector range of —200 to +160 pm; the reported
range/resolution combinations include 360 um/0.02 pm and 100 pm/0.006 pm. Measure-
ments were taken at three axial positions per roll, with at least three repeated measurements
at each position. The rolls were polished in the condition in which they were received from
the production line.

The surface contamination observed before polishing is shown in Figure 4.

4.2. Prototype Fabrication

The physical prototype was manufactured according to the structural design described
above. The prototype integrates the abrasive-belt feed mechanism, the lifting mechanism,
the spindle and tailstock positioning system, the loading and unloading mechanism, and
the control system. The completed prototype is shown in Figure 5.

https://doi.org/10.3390/pr14203307
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Figure 4. Surface contamination on a straightening roll before polishing. The red arrows indicate
areas with visible surface discoloration and marks.

Figure 5. Physical prototype.
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4.3. Prototype Test Results

The measured surface-roughness parameter Ra for the machine-polished and manually
polished straightening rolls is reported in Tables 6 and 7.

Table 6. Surface roughness Ra of the machine-polished straightening rolls.

Front Section, Ra  Middle Section, Ra Rear Section, Ra

Workpi
orkpiece (um) (um) (um)
1 0.079 0.075 0.075
2 0.073 0.078 0.075
3 0.081 0.069 0.073
Mean + SD 0.078 £ 0.004 0.074 + 0.005 0.074 + 0.001

Table 7. Surface roughness Ra of the manually polished straightening rolls.

Front Section, Ra  Middle Section, Ra Rear Section, Ra

Workpiece (um) (um) (1m)
4 0.81 0.92 0.73
5 1.15 0.82 0.90
6 0.85 1.23 1.15
Mean + SD 0.937 4+ 0.186 0.990 + 0.214 0.927 4+ 0.211

The tabulated measurements show a clear descriptive difference between the two
polishing methods. For the machine-polishing group the mean Ra values were 0.078 4= 0.004,
0.074 £ 0.005 and 0.074 £ 0.001 um at the front, middle and rear sections, respectively, with
an overall mean of 0.075 £ 0.004 pum; for the manual-polishing group the corresponding
values were 0.937 4+ 0.186, 0.990 4+ 0.214 and 0.927 + 0.211 um, with an overall mean of
0.951 £ 0.179 um (Tables 6 and 7). The standard deviation across the three rolls at each
axial position was smaller for machine polishing (<0.005 um) than for manual polishing
(0.186-0.214 umy), which indicates better roll-to-roll repeatability. The spread of the mean
values across the three axial positions was 0.0037 pm for machine polishing and 0.0633 pm
for manual polishing, which indicates a more uniform surface finish along the roll.

During manual polishing, operators tend to concentrate on visibly contaminated
regions. Because contaminant distribution is spatially nonuniform, local polishing time
and applied force may vary substantially along the roll. Excessive local grinding may result
in unnecessary material removal or local depressions, whereas insufficient treatment may
leave portions of the surface inadequately processed.

In contrast, the prototype provides programmed workpiece rotation and abrasive-
belt feed over the required axial range. The resulting motion reduces dependence on
operator posture and manually applied force and provides more consistent coverage of the
roll surface.

According to the production records of the workshop, polishing throughput increased
from approximately 55 rolls/month with the previous manual procedure to approximately
165 rolls/month with the prototype machine, an approximately threefold improvement.
The workshop operates three 8 h shifts per day, and the nominal cycle time per roll
is approximately 120 min for the manual procedure and approximately 35 min for the
prototype (Table 5). The records analyzed here cover April 2026.

Figure 6 further compares the surface-roughness measurements obtained for the
machine-polished and manually polished workpieces.
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Figure 6. Surface roughness Ra of the machine-polished and manually polished straightening rolls
at the front, middle, and rear axial sections. (a) Machine-polishing group, plotted on an expanded
ordinate; (b) manual-polishing group. Symbols denote individual measurements, horizontal bars
denote group means, and error bars denote +1 standard deviation for the three measurements at
each position.

Figure 6 compares the Ra values measured at the front, middle, and rear axial positions
for the machine-polishing and manual-polishing groups. The two methods are plotted
on separate ordinate scales so that the individual measurements, group means, and +1
standard deviation error bars of both groups remain legible. At all three positions, the
machine-polished straightening rolls exhibited substantially lower Ra values than the
manually polished rolls. The per-position mean values are given in Tables 6 and 7.

The production workshop accepts straightening-roll surfaces against a surface-
roughness limit of Ra < 0.6 pm (Table 5), which is used as the primary surface-quality
metric. Against this limit, all nine measurements of the machine-polished rolls, which
ranged from 0.069 to 0.081 um, meet the requirement, whereas all nine measurements of
the manually polished rolls, which ranged from 0.73 to 1.23 pum, exceed the 0.6 um limit.

Recent automated polishing systems achieve force-controlled and sensor-guided fin-
ishing of free-form components through robotic manipulation combined with adaptive
path planning and material-removal modeling [3,4,12-17]. The present machine reduces
the problem to the axisymmetric geometry of a cylindrical roll on a stiff two-axis platform,
so that the conditions in Table 5 are held constant along the polished length. Measurements
indicate that the machine reduces the scatter of Ra and increases production efficiency; a
further reduction in manual effort and in the associated labor cost is anticipated.

5. Conclusions

This study developed an automated polishing machine for aluminum strip straight-
ening rolls using a TRIZ-assisted engineering design approach. The design problem was
divided into two primary tasks: controlled surface polishing and automated workpiece
handling. TRIZ contradiction analysis was used to identify candidate inventive principles,
and the resulting principles were incorporated into the structural design of the abrasive-
belt feed mechanism, lifting mechanism, loading and unloading mechanism, spindle and
tailstock positioning system, and programmable control system.
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A physical prototype was fabricated and evaluated under workshop conditions. In
this workshop-scale test, the machine-polished straightening rolls exhibited lower and
more spatially uniform Ra values than the manually polished rolls. According to Tables 6
and 7, the standard deviation at each axial position was no more than 0.005 um for the
machine-polished rolls, whereas it was 0.186-0.214 um for the manually polished rolls.
Workshop records also indicated an increase in polishing throughput from approximately
55 to 165 rolls/month, and all nine machine-polished measurements satisfy the work-
shop acceptance criterion of Ra < 0.6 um. These observations establish the engineering
feasibility of the proposed polishing machine for this application under the investigated
operating conditions.

The validation reported here covers three rolls per polishing method and three axial
positions per roll. The evaluation was performed on the production line, where the two
groups differ by a factor of at least nine at every axial position; the reported values apply to
the tested rolls and to the workshop conditions under which they were polished. A larger
number of rolls and a controlled pre-polishing baseline, together with contaminant-removal
effectiveness, dimensional change, roundness, cylindricity, processing time, and long-term
repeatability, are the subjects of the follow-up validation.
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