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Abstract

A post-treatment process was developed to improve the surface roughness and shape accuracy of titanium 
intramedullary nails from additive manufacturing. Owning to a surface roughness of up to Ra = 12 μm after 
additive manufacturing, ultrasonic vibration assisted machining and electropolishing were employed to decrease 
the surface roughness and control the shape accuracy. Abrasive flow machining was also adopted to reduce the 
inner hole surface roughness. The experimental results indicated that the surface roughness was reduced to Ra =
0.1–0.2 μm with good shape accuracy.
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1. Introduction

Additive manufacturing (AM) relies on computer 
control of material bonding/deposition rather than 
part-specific tooling to define the geometry of the 
manufactured component. Typically, parts are built 
up layer by layer until complete. After the geometry is 
formed, the parts are post-processed to achieve the 
final geometry and properties. The post-processing 
methods vary with the AM process but can include 
removal of support material, infiltration of pores, 
surface finishing, annealing, and cleaning [1].

The AM approach provides substantial freedom 
in the created geometries and eliminates the time 
requirements for manufacturing specialized tooling. 
Additionally, some of these processes can integrate
multiple materials to create multifunctional 
components [2,3,4,5]. However, the processes 
themselves are typically much slower than traditional 
manufacturing methods. Despite substantial progress, 
the materials available for AM are more limited than 
those for traditional processes.

AM is a cutting-edge manufacturing approach 
that is based on the consecutive application of 
material layers and the transfer of geometric 
information from the digital design data to the 
resulting near-net shape [6]. Laser metal deposition 
(LMD) and selective laser melting (SLM) are two well-
established laser AM (LAM) techniques that utilize 
serial powder materials such as superalloys, 
ceramics, and multi-material compounds for wear-
and thermal-protective coatings [7]. Given the near-
net shape nature of AM, a certain amount of 
mechanical post-processing, e.g., computer 
numerical control (CNC) milling, is required to 
improve the surface finish and consistency with the 

design data. This paper mainly discusses post-
processing methods for titanium alloy intramedullary 
nails after AM. Abrasive flow machining (AFM) and 
ultrasonic vibration assisted machining (UAM)
technologies are proposed to reduce the surface 
roughness.

2. Experimental setup

2.1. Abrasive flow machining

The AFM process was employed after AM in
order to manufacture laminated inner holes with 
complex surface finishing processing requirements.
Fig. 1 shows titanium intramedullary nails after AM.

Because of the complex shape of the specimen, 
the modular fixture must be designed during the AFM
process with appropriate structural support. Fig. 2 
shows the modular fixtures.

A fluid polishing machine (Extrude Hone) was 
used in this research. The process parameters set 
during the experimental process in accordance with 
the demand were the abrasive pressure, single 
abrasive flow, and machining cycles.

Fig. 1. Titanium intramedullary nail via AM.
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The surface roughness was about 6–12 μm after 
AM. Heat treatment was also used in order to make 
the material more rigid on the surface, as shown in 
Fig. 1. When used as medical supplies, AM products 
must go through a post-treatment process before 
being implanted in the human body. 
 

 
Fig. 2. Modular fixture design for AFM. 

 
2.2. Ultrasonic vibration assisted machining 
 

In this study, an ultrasonic-assisted grinding 
process was employed to treat the outer surface of 
the intramedullary nails after AM. 

 

 
Fig. 3. Experimental setup of UAM. 

 
Ultrasonic vibration was used to help grind the 

outer surface of the intramedullary nail, as shown in 
Fig. 3. The process parameters were as follows: 

1. Spindle speed: 4,000 rpm 
2. Tool diameter: 6 mm 
3. Feed rate: 40 mm/min 
4. Vibration amplitude: 5 μm 
5. Vibration frequency: 20 kHz 
6. Diamond grinder: #600 
7. Working hours: 240 min 

The titanium alloy intramedullary nails were 
ground and set up in a five-axis machine. The infeed 
depth was 0.24 mm for each grinding to avoid 
deformation during the grinding process and maintain 
the shape accuracy.  
 
2.3. Electropolishing technology 
 

Before the electropolishing (EP) process, the 
intramedullary nails needed ultrasonic cleaning with 
acetone, ethanol, and DI water. Post-cleaning was 
also necessary for primary oxidation, washing, free 
ion removal, and passivation, as shown in Fig. 4. The 
polishing voltage was 25 V at 14 °C. The surface 
morphology was characterized with an optical 
microscope (OM), scanning electron microscope 
(SEM), and surface indicator. The results conformed 
with ASTM F2063 [8]. 

 

2.4. Tests for in vitro cytotoxicity (ISO 10993-5 [9]) 
 

A DMEM culture medium was added to the 
surface treatment samples as the cell extract was 
shaken at 37±1 °C and 150 rpm for 72 h. Then, the 
NIH-3T3 cell was cultured at 37±1 °C for 24 h in the 
cell extract. Finally, the cell viability was measured 
with an ELISA reader as shown in Fig.5. 

 
Fig. 4. EP procedure. 

 
 

 
 

Fig. 5. Test procedure for in vitro cytotoxicity. 
 
3. Results and discussion 
 
3.1 . Abrasive flow machining 
 

Table 1 lists the process parameters and inner 
hole diameters. The results showed that the inner 
hole surface had high roughness with a full stroke, 
pressure of 10 MPa, and load of 30N. 
 
Table 1 
AFM experimental data 
Inner hole diameter 
(mm) 

  

No. Before After AFM 
parameters 

Proces
sing 
time (s) 

1 2.87 3.03 10 MPa/ Full 
stroke/30 N 

1800 

2 2.85 3.29 10 MPa/ Full 
stroke/30 N 

1800 

3 2.85 3.15 6.89 MPa/ 
Full stroke/ 
5 N 

5,432 

4 2.88 3.0 6.89 MPa / 
Full stroke/ 
1 N 

935 

5 2.90 3.04 6.89 MPa / 
Full stroke/ 
3 N 

4,011 

6 2.88 3 4.14 MPa/ 
Full stroke/ 
3 N 

5,228 

7 2.83 3.05 9.65 MPa / 
Full stroke/ 

2,564 
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3 N 
8 2.87 2.91 6.89 MPa / 

1/3 stroke/ 3 
N 

1,003 

9 2.86 2.92 6.89 MPa / 
2/3 stroke/ 3 
N 

1,928 

 
(a) Ra = 12.4 μm (b) Ra = 5 μm (c) Ra = 0.2 μm 

Fig. 6. Titanium alloy intramedullary nail pipe cross-section: 
(left) crude, (middle and right) AFM. 

 
Fig. 6 shows the cross-section of the titanium 

alloy intramedullary nail pipe after AFM. The 
experimental results showed that the inner hole 
surface roughness decreased from Ra = 12.4 μm to 
0.2 μm. Magnifying the cross-section of the 
intramedullary nail clearly showed that the surface 
roughness was smoother than the original. 
 
3.2 Ultrasonic vibration assisted machining 
 

Fig. 7 shows that the unprocessed material 
surface was not flat and had many holes. After UAM, 
the surface roughness was reduced to Ra = 0.13 μm. 
However, there were still many tool scratches on the 
surface. After polishing, these scratches were 
significantly reduced, and the roughness decreased 
to Ra = 0.07 μm. 

 
Fig. 7. Comparison of (a) original with (b) ultrasonic grinding 
and (c) polishing. 
 
3.3. Electropolishing technology 
 
3.3.1. Surface cleaning 

After EP, the NiTi intramedullary nails were 
investigated by using an SEM equipped with an 
energy-dispersive X-ray spectroscopy (EDS) device. 
Fig. 8 shows the surface morphology and EDS data, 
which indicated the surface C and O were removed 
by EP treatment. This result conformed with ASTM 

F2063 (C < 520 ppm and O < 540 ppm). 
3.3.2. Electropolishing process time and surface 
roughness 

Fig. 9 shows that the surface roughness Ra and 
Rz gradually decreased as the EP process time 
increased. Ra and Rz were reduced from 10.28 and 
39.7 μm to 1.08 and 5.6 μm, respectively, and the 
thickness was reduced from 5.018 mm to 4.362 mm. 

 

 
(a) before EP treatment (1000X) 

 

 
(b) after EP treatment (1000X) 

Fig. 8. SEM images and EDS data before and after EP 
treatment. 

 
Fig. 9. Change in surface roughness and removal thickness 
during EP. 
 
3.3.3. Tests for in vitro cytotoxicity 

NiTi intramedullary nails treated by EP with 
ultrasonic machining and a laser process were tested 
for in vitro cytotoxicity with 15% DMSO as the 
positive group and high-density polyethylene (HDPE) 
as the negative group. Fig. 10 shows that the cell 
morphology was roughly uniform compared with the 
original shape. 
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Fig. 10. Cell morphology after surface treatments. 

 
3.3.4. Comparison of surface treatments 

The surface roughness Ra and Rz after surface 
treatments (EP, ultrasonic machining and laser 
process) were measured with a surface indicator, 
and the surface was characterized with an OM. Fig. 
11 shows that Ra and Rz were reduced from 10.28 
and 39.7 μm to 3.95 and 20.4 μm, respectively, after 
EP. Adding UAM further reduced Ra and Rz to 0.12 
and 0.77 μm, respectively. Thus, the surface 
treatment provided a 43% improvement compared to 
EP alone. 
 

 
Fig.11. Comparison of original, EP, and UM+EP 
processes. 
 
3.3.5. Exterior appearance 

Fig. 12 shows the exterior appearance of the 
NiTi intramedullary nails from AM after mechanical 
polishing (MP), EP, and EP with ultrasonic machining 
(UM). EP with ultrasonic machining performed the 
best, followed by only EP and then MP. 

 

 
Fig. 12. Exterior appearance with MP, EP, and UM+EP. 

 
4. Conclusions 
 

AM is a technology being developed for 
application of medical devices. However, the surface 
roughness of products made by AM is so high that 
surface treatment is necessary for them to conform 
with the standards for medical devices. 

In this study, AFM, UAM, and EP technologies 
were used on titanium alloy intramedullary nails after 
AM to bring the surface roughness in line with 
medical standards. The conclusions are as follows: 
1. After AFM of the inner hole surface, the  

roughness was reduced from Ra = 12.4 μm to 0.2 
μm. 

2. USM processing can take advantage of the 
roughness of the intramedullary nail down to Ra = 
0.13 μm. 

3.  The experimental results showed that the surface 
roughness Ra and Rz gradually decreased with 
the EP time. The surface C and O were removed 
by EP in conformity with ASTM F2063. The 
surface roughness decreased faster with EP and 
UM. 
The cell viability of all surface treatments applied 

to the post-treatment of AM medical devices was 
greater than 90% based on ISO 10993-5 tests for in 
vitro cytotoxicity. 
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