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ABSTRACT: Due to its unique geometry, the uniform machining of the femoral head in artificial hip
joints has consistently posed a significant technical challenge. This study presents an effective solution
for improving the abrasive flow machining (AFM) process through the design and development of an
innovative inverse replica fixture. To this end, first an industrial prototype of the AFM system was
fabricated, followed by the production of a fixture tailored to the geometry of the femoral head. The
performance evaluation of the proposed device and method was conducted by examining the effects of
key AFM process parameters, including hydraulic extrusion pressure, silicon carbide abrasive mesh size,
and the number of machining cycles, on the average percentage change in surface roughness (%ARa)
of a femoral head made from 316L stainless steel. The results demonstrate that the proposed device
and methodology provide an efficient and effective approach for achieving uniform machining of the
femoral head. Experimental findings not only corroborate the efficacy of the method but also reveal that
the average %ARa of the samples improved by 40.40%, 86.12%, and 90.61% when using abrasives with
mesh sizes of 240, 600, and 1000, respectively. Moreover, surface morphology analysis indicated that
the proposed method produces a smooth and uniform surface without inducing surface damage, thereby
enhancing the surface integrity of the artificial hip joint.
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1- Introduction

Total hip arthroplasty (THA) is an effective orthopedic
surgical procedure in which the natural joint is replaced with
an artificial prosthesis (Fig. 1). In this prosthesis, the wear of
the ultra-high-molecular-weight polyethylene (UHMWPE)
acetabular cup, due to contact with the metallic femoral
head, has a critical impact on the longevity of the joint
[1]. Studies have shown that the surface roughness of the
metallic femoral head plays a key role in the wear rate of the
UHMWPE component; specifically, lower surface roughness
leads to reduced wear [2] and [3]. According to ISO 7206-2,
the maximum allowable surface roughness is specified as less
than 0.05 pum for the UHMWPE cup and less than 0.2 pm
for the metallic femoral head [4]. To meet these standards,
abrasive flow machining (AFM) has been proposed as an
efficient and effective technology [4].

The present was an attempt to develop an automated
finishing system to enhance the quality and efficiency of
existing methods. The key innovations of this research
include:

1. The design and fabrication of an AFM device,

2. The development of an inverse replica fixture tailored
to the anatomy of the femoral head,

*Corresponding author’s email: Choopani@meybod.ac.ir

3. The investigation of the effects of AFM process
parameters including hydraulic extrusion pressure, number of
machining cycles, and abrasive mesh size — on the average
percentage change in surface roughness (%0ARa) of a femoral
head made from 316L stainless steel, and

4. Surface morphology analysis using scanning electron
microscopy (SEM).
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Fig. 1. Total hip arthroplasty (Courtesy of https://www.
orionortho.sg).
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Fig. 2. A schematic of the AFM apparatus and method
for finishing the femoral head.

2- Materials and methods
2- 1- AFM apparatus and method

In the present study, an industrial prototype of the AFM
method and process was designed and fabricated specifically
for machining the femoral head of an artificial hip joint. A
schematic representation of the system’s principles is shown
in Fig. 2. The system consists of three main components: the
AFM apparatus, the inverse replica fixture of the femoral
head, and a viscoelastic machining tool.

2- 2- Machining tool manufacturing

In the present study, three types of viscoelastic machining
tools, each consisting of 14 wt% styrene-butadiene rubber
(SBR), 78 wt% silicon carbide (with mesh sizes of 240, 600,
and 1000), and 8 wt% naphthenic oil, were fabricated.

2- 3- Experimental approach

In this study, femoral heads made of 316L stainless steel
with a diameter of 28 mm and a Brinell hardness of 321 were
employed (Fig. 3). Prior to AFM experiments, all samples
were cleaned using an ultrasonic cleaning process. Surface
roughness was measured at five different spots using a
SURFCOM 130A instrument. The experiments were carried
out using a full factorial design, totaling 27 designed and
executed tests.
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Fig. 3. Actual view of some samples of metal femoral
heads with an artificial hip joint.

3- Results and discussion
3- 1- The effect of AFM process input parameters on the
average %ARa

Figs. 4(a—c) illustrate the effects of key AFM parameters
on the average %ARa of the femoral head of an artificial
hip joint. As shown in Fig. 4a, %ARa reaches its maximum
level with pressure rising from 7 MPa to 9 MPa, after which
it declines. This trend indicates that 9 MPa is the optimal
pressure. The increase in initial pressure enhances abrasive
particle penetration and improves surface finishing, while
higher pressure (e.g., 11 MPa) leads to abrasive grain fracture
and surface quality degradation. As depicted in Fig. 4b,
the highest improvement in %ARa was achieved at 100
machining cycles, emphasizing the importance of optimizing
process duration to avoid adverse effects caused by excessive
machining cycles, such as excessive wear.

Fig. 4c shows that increasing the silicon carbide mesh size
(from 240 to 1000) significantly improves surface roughness.
Specifically, mesh 240 produced a moderately polished
surface (%ARa improvement of 40.40%) due to deeper
particle penetration. Mesh 600 yielded a more notable surface
roughness reduction (%ARa improvement of 86.12%), while
mesh 1000 yielded a highly polished, mirror-like surface
(%ARa improvement of 91.61%). These results corroborate
the strong dependency of final surface finish on abrasive
mesh size.

3- 2- Comparison of surface morphology of samples before
and after AFM

The surface morphology analysis of the femoral head
in the artificial hip joint before and after the AFM process
revealed that following CNC machining (Prior to AFM), the
surface exhibited notable roughness (0.245 pum) and did not
reflect the surrounding environment clearly due to surface
irregularities such as peaks, valleys, scratches, and grooves
(Figs. Sa—c). In contrast, after AFM processing, the surface
roughness was markedly reduced to 0.0203 pum, resulting in a
smooth, mirror-like surface that provided a clear reflection of


https://dx.doi.org/10.22060/mej.2025.24050.7834

Y. Choopan et al., Amirkabir J. Mech. Eng., 57(2) (2025) 215-234, DOI: 10.22060/me;}.2025.24050.7834

3 o H
1 1 H

% Change in surface roughness, Ra % Ra)
1

% Chamge in surface roughness, Ba {4 Ra)

Tl 9
t T K ¥ [ 1] 12 L] L) Iy 150 2K}

Hydraulic extrusion pressure [MPa) Rumber of machining cycles

(a) (b)

-
=

E I Z

¥

P
£ 2 % E 32

% Change in surface rooghness, Ra [ %4 Ra)
3 =

®

s

L] 240 ] [T £

Abrasive mesh size

(c)

Fig. 4. Effect of AFM process input parameters on the average %ARa: (a) hydraulic extrusion pressure (MPa),
(b) number of machining cycles, and (c) abrasive mesh size.

Fig. 5. Actual view and microscopy images of the surface morphology of the femoral head: (a and c) after
CNC turning and (b and d) after AFM processing.
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the environment (Figs. Sb—d).

4- Conclusion

A summary of the findings is presented here:

Surface roughness improvement significantly increased
with larger abrasive mesh sizes, achieving average %ARa
improvements of 40.40%, 86.12%, and 90.61% for mesh
sizes 240, 600, and 1000, respectively.
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1. Total hip arthroplasty (THA)
2. Ultrahigh molecular weight polyethylene (UHMWPE)
3. Metallic femoral head
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1. Styrene butadiene rubber (SBR)
2. Silicon carbide (SiC)
3. Computer numerical control (CNC)
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Fig. 3. Microscopy images of Silicon carbide abrasive particles: a) 240 mesh, b) 600 mesh, and c) 1000 mesh.
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Fig. 5. Actual view of some samples of metal femoral heads with an artificial hip joint.
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Fig. 6. An actual view of the surface roughness measurement of the femoral head using the ZEISS SURFCOM
130A roughness meter.
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Table 2. Parameters and levels used in the full experimental design method.
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Table 3. Experimental data obtained based on the full experimental design method.
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Fig. 7. Effect of abrasive flow machining process input parameters on the average percentage change in surface rough-
ness (%oARa): (a) hydraulic extrusion pressure (MPa), (b) number of machining cycles, and (c) abrasive mesh size.
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Fig. 8. Microscopy images of the femoral head after abrasive flow machining process with different abrasive mesh
sizes: (a) 240, (b) 600, and (c) 1000.
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Fig. 9. Actual view and microscopy images of the surface morphology of the femoral head: (a and c¢) after CNC turning

with an average surface roughness of 0.245 pm and (b and d) after abrasive flow machining process with an average

surface roughness of 0.0203 pm under machining conditions (hydraulic extrusion pressure of 9 MPa, number of ma-
chining cycles of 100 and abrasive mesh size of 1000).
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