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The metal powder injection process is a combination of powder
metallurgy and plastic injection in the manufacturing field. This
process has both the economic advantages of the plastic injection
process and the mechanical properties of the powder metallurgy
process; In such a way that a metal piece with desirable mechanical
properties can be economically produced. Hence, this process has
spread in various industries, including the medical equipment
industry. The Metal Injection Molding (MIM) process can be divided
into four parts: feedstock, injection molding, debinding and
sintering. The metal powder is first combined with the polymer and
injected into the mold, and then the polymer is destroyed in the
debinding process, and the part is finalized in the sintering process.
In this study, the joint part of the laparoscopic stapler was
manufactured with the MIM process, and the details of all four parts
of the process were explained for the desired part. After making the
sample, it was concluded that the method is competitive with CNC
machining and the main joint and Driver of the laparoscopic stapler
can be made and produced with the same method.
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Introduction

With advancements in science and technology, the need for advanced components
made from new materials has increased. Modern manufacturing processes can greatly
assist researchers in producing new parts required by various industries. For instance,
materials capable of withstanding a wide range of temperatures can no longer be
manufactured using traditional methods alone, necessitating the use of modern
manufacturing techniques. Manufacturing processes are divided into four categories:
welding [1], forming [2], casting [3] and machining [4]. One of the forming processes
is powder metallurgy, which is used to manufacture metal and ceramic components.
This method involves compressing powder as the raw material into the desired shape
and then sintering it. The limitations of polymers in operating temperatures compared
to metals and ceramics when using injection molding, along with the limitations of
powder metallurgy in producing complex parts and its slow processing speed, led to
the development of a new technique that integrates both processes. This technique,
called Powder Injection Molding (PIM), enables the production of complex ceramic
or metal parts in high volumes [5; 6]. PIM can be categorized into Ceramic Injection
Molding (CIM) [7] and Metal Injection Molding (MIM) [8]. MIM is widely used in
various industries, including automotive, defense, aerospace, electronics, and medical
applications [9-11]. From an economic perspective, MIM is an efficient method for
producing complex metal parts with near-net-shape geometry, significantly reducing
the need for additional machining. This process is particularly suitable for
manufacturing small components in large volumes, resulting in considerable cost
savings [12]. Due to its capability to fabricate complex geometries with excellent
mechanical properties and biocompatibility, MIM is widely applied in the production
of surgical instruments, orthopedic implants, and minimally invasive device
components. Studies have demonstrated that MIM-fabricated parts, especially those
made from titanium and stainless steel alloys, meet stringent medical standards for
mechanical strength and surface quality, making MIM a competitive alternative to
traditional manufacturing methods in the medical industry [13;14].

In recent years, various studies have been conducted on this method due to the
development of MIM processes [15-17]. Lin [18] manufactured a laptop hinge using
MIM and demonstrated that an injection pressure of 1000 bar and an injection
temperature of 160°C were optimal for molding the part with high fatigue resistance
and strength. Shieddieque et al. [19] investigated the physical and mechanical
properties of parts sintered at different temperatures (1300-1360°C) in both vacuum
furnaces and argon-protected furnaces. Their results showed that porosity was higher
in vacuum conditions than in argon gas, leading to lower density. The highest hardness
was achieved with sintering at 1360°C for 1.5 hours under argon protection.
Panahizadeh et al. [20] conducted experimental and numerical studies on MIM
parameters and found that optimal values for injection speed, pressure, and
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temperature were 60%, 60%, and 185°C, respectively. Hamidi et al. [21] investigated
solvent debinding in the MIM process for 316L stainless steel. Their results showed
that solvent removal at 60°C for 240 minutes was optimal as it effectively removed
enough paraffin. Momeni and Alaei [22] optimized injection parameters in the MIM
process for a steel component. They found that the optimal conditions for injecting
feedstock containing low-alloy steel powder 4605 included an injection pressure of
133 bar, an injection temperature of 158°C, a mold temperature of 60°C, a holding
time of 8 seconds, a holding pressure of 70 bar, a secondary holding time of 17
seconds, and an injection speed of 112 mm/s. Rezaei and Askari [23] studied optimal
injection parameters for MIM in manufacturing a relatively complex part from a
feedstock of low-alloy steel 4605, commonly used in industrial engines. They
determined that an injection speed of 80 mm/s, an injection temperature of 155°C, a
holding time of 9 seconds, a holding pressure of 83 bar, and an injection pressure of
132 bar were the optimal values for achieving maximum density. Yang et al. [24]
showed that low injection temperatures for manufacturing parts made from a powder
blend of alloy 6061 and 316L stainless steel in the MIM process resulted in voids and
cracks, but increasing pressure and injection speed reduced these defects. Table 1
shows a comparative analysis of MIM and CNC machining for manufacturing
components in medical applications.

Table 1. Comparative analysis of MIM and CNC machining for manufacturing
components in medical applications
Parameter MIM Machining Reference(s)
1.5-3.5 um before polishing;

Roughness (Ra) 0.4-1.6 um [4,14]

<0.8 um after finishing

Hardness 280-320 Hv after sintering 260-310 Hyv, depending on 29 25
(17-4PH) and aging cutting and heat treatment [22, 25]
Dimensional +0.3-0.5% of net shape +0.01 mm achievable [23, 24]
Accuracy
Geometric Excellent; net-shape, complex  Limited by tool access and [13]
Complexity internal cavities possible fixturing
Surface Oxidation ~ High unless inert gas (argon)  Minimal if coolant/lubricant [19, 25]
Risk or vacuum used used properly '
Post-processing  Debinding, sintering, optional  Deburring, surface finishing, [5]
Needs surface treatment optional coating
Material Waste Low (<5%) High (40-70%) [9,12]
Cost Efficiency Very high; tooling cost High cost per unit for small [10, 11]
(High VVolume) amortized over 10,000+ units parts; low scalability '
Suitability for 'Excellent; proven fo_r Excellent; widely usgq for
implants and tools with prototypes and precision [13, 21]

Medical Parts biocompatibility parts
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Based on previous studies and the advantages of MIM in producing various
components, this study examines the feasibility of manufacturing a laparoscopic
stapler joint using this process. A solution for manufacturing this product was proposed
for the medical equipment industry. To achieve this, metal powder was first mixed
with a polymer and injected into a mold, followed by debinding and sintering processes
to produce the final part. The mechanical properties and dimensional accuracy of the
manufactured product were then compared to a reference sample to assess its quality.

Methodology

This paper aims the feasibility study of manufacturing a laparoscopic stapler joint,
which connects the housing and loading sections of the stapler. The mechanical
properties and dimensional specifications of the MIM-produced part must match those
of the reference component, which is manufactured by the Medtronic company under
the Covidien brand. Figure 1 shows the laparoscopic joint reference part. The
elemental analysis of the part is presented in Table 2. Based on the elemental
composition, the part is made of 17-4PH stainless steel, a precipitation-hardening
martensitic alloy known for its high strength and hardness after appropriate heat
treatment. Three MIM samples were fabricated, and hardness was measured at three
different locations on each sample. The average value of the three measurements was
calculated for each sample and reported in Table 3. Hardness testing was conducted
using the Vickers microhardness method (ASTM E384), with a load of 200 g and a
dwell time of 15 seconds. The part was modeled using optical measurement tools, and
microscopes, followed by the extraction of a 2D technical drawing. The manufactured
part must meet specified dimensional tolerances. Dimensional inspection was
conducted using optical measurement techniques and point cloud analysis with
InnovMetric PolyWorks Metrology Suite 2022 software.

Figure 1. View of the laparoscopic joint component
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Table 2. Elemental analysis of the covidien joint
Element Wt (ppm)

Cr 162000
Ni 46800
Cu 37200
Si 5700
Mn 3400
S <0.1
P <0.1

Table 3. Hardness measurement of samples
Samplel Sample2 Sample3
278 Hv 283 Hv 282 Hv

The feedstock specifically designed for the MIM process was sourced from
Changsha Tijo Metal Material, a Chinese manufacturer, for the production of the
laparoscopic stapler joint [26]. The mold was fabricated using milling and electrical
discharge machining (EDM) techniques and was made from 1.2312 steel. To
determine the appropriate shrinkage factor for the stapler joint, the part’s geometry
was analyzed. Since the part’s walls are relatively simple, the shrinkage is uniform in
all three dimensions. Based on the feedstock datasheet and screening tests, a material
shrinkage rate of 16.5% was considered. The injection temperature was set between
170°C and 185°C, while the injection pressure was maintained between 50 and 80 bar.
A catalytic debinding method was selected for binder removal, and a combination of
solvent and thermal debinding was applied. Distilled water was used as the solvent,
and the part was immersed in the solvent for four hours. After the solvent debinding
stage, thermal debinding was conducted in a furnace at 150°C for approximately three
hours, following the material datasheet specifications. It is important to note that the
same furnace used for debinding was also used for sintering to minimize handling and
prevent accidental damage to the part during transfer. Based on the provided details
and material datasheet recommendations, sintering was performed at a temperature
range of 1250-1300°C for approximately two hours. Due to the high operating
temperature of the furnace, the support material used for holding the part was ceramic
(Al>0s), as specified in the datasheet. Given the relatively simple geometry of the part
and based on the screening tests, the specimens were positioned on one side during the
heat treatment process (figure 2).
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Figure 2. Suggested arrangement of stapler components in the furnace

Result and discussion

Examination of the manufactured part

The laparoscopic stapler joint was fabricated in a laboratory setting according to
the described procedures and compared to the benchmark part (Figure 3 & figure 4).
Various studies have used different criteria for evaluating and inspecting fabricated
components. However, as previously mentioned, in this study, the manufactured part
was evaluated based on three key aspects: material composition, hardness, and
geometry, ensuring compliance with the established criteria. To verify the material
composition, the manufactured part underwent XRD and elemental analysis (Table 4).
Accordingly, the elemental composition confirmed that the material is the same as the
17-4PH, meeting the required standard. The hardness of the part was also measured,
indicating a hardness of 306 Hv.

Additionally, the manufactured part was optically analyzed. After performing
the optical inspection, the part was evaluated using InnovMetric PolyWorks,
comparing it against the reference design and tolerance specifications. The analysis
are illustrated in figure 5. As shown, nearly all of the part’s features fall within the
dimensional and geometric tolerances of the reference drawing. Dimensional
tolerances were assessed against 1SO 2768 standards and verified for functional
compatibility with the design specifications of the laparoscopic stapler assembly. Two
features were slightly out of tolerance; however, given the minimal deviation, they can
be attributed to optical measurement errors, point-cloud mapping inaccuracies in the
software, or similar factors, and thus can be disregarded. Finally, a comprehensive
comparison of the part and the model was performed using a Color Map analysis.
Based on the presented findings, it can be concluded that the manufactured part meets
the geometric criteria set by the reference component.
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Figure 4. Visual comparison of the manufactured and benchmark part

Table 4. Elemental analysis of the manufactured part
Element Wt %

Al 0.294
Cr 15.677
Cu 4.031
Fe 74.433
Mg 0.159
Mn 0.411
Nb 0.275
Ni 3.815
P 0.017
S 0.169

Si 0.719
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‘Object Name Control Nom Meas Tol Dev  Test Out Tol
& oylinder4 Radius 6100 5199 1000 0801 Pass
@ cirde 1 Diameter 2400 1750 +1000 D650 Pass
- distance 5 3D Distance 2800 2431 +0500 0.369 Pass
- distance 12 3D Distance 2800 2611 0200 0189 Pass
«v distance 4 3D Distance 2050 1879 +0500 D171 Pass
@ datum patiem C  2X @ 16000170 mating 1600 1455 $0.170 0.145 Pass
@ oylinder 1 Radius 10000 9915 30220 0085 Pass
& oylinder5 Radius 0200 0163 +0050 D037 Pass
- distance 7 3D Distance 4400 4389 $0050 0011 Pass
@ dide 1 X 0000 0000 +1000 0000 Pass
@ cirde 1 ¥ 3650 -3644 +1000 0006 Pass
- distance 8 3D Distance 5650 5661 $0050 001 Pass
0 cylinder 6 Radius 2.350 2400 +0.080 0.050 Pass
«v distance 3 3D Distance 1000 1068 40080 0068 Pass
+v distance 2 3D Distance 0800 0978 +0D0B0 0078 Pass
- distance 6 3D Distance 3.350 3439 $0.090 0089 Pass
- distance 13 3D Distance 1.800  11.801 1000 0101 Pass
@ cirdle 1 z 7600 -7493 1000 0107 Pass
D datum oylinder D 0.114 0120 0.114 Pass
— distance 10 3D Distance 0200 0339 +0.150 0439 Pass
@ datum plane B 0151 0150  0.151 0.001
& datum piane A 0159 0150 0159 [ 0.00€
@ datum pattem C [ [ 0.150@ A[B] 0161 0188(B:0.039) 0.161 Pass
@ datum gylinderD  Diameter 2400 2574 +0.180 0174 Pass
@ oylinder 2 Radius 5.400 5640 +0.350 0240 Pass
 plane 1 [&]0.700@ 0.300]A[B[D] 0462 0700 D462 Pass
+v distance 9 3D Distance 1200 1693 +0500 0483 Pass
& plane 2 [&]0700@ 0.300]A[B[D] 0617 0700 0617 Pass

Figure 5. Tolerance inspection of the part in InnovMetric PolyWorks software

Optimization of Manufacturing Parameters

As seen in figure 6, the surface quality of the manufactured part is not in an optimal
condition and has undergone oxidation. Given the medical application of this
component, ensuring high surface quality is of critical importance. The oxidation
occurred due to the reaction of the part with oxygen during the sintering process. To
address this issue, an optimization approach was proposed by repeating the process
using argon as a protective gas, considering its superior properties [25]. The part was
re-manufactured under these revised conditions (Figure 6). As observed, the surface
quality significantly improved, achieving the desired standard. The final component
produced through this process was recorded as the finalized version. Additionally,
given the nature of the optimized process, the manufacturing steps can be scaled up
for industrial production and high-volume manufacturing.
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Figure 6. Manufactured samples processed with protective argon gas.

Conclusion

The manufacturing of the laparoscopic stapler joint, given its complexities, presents
significant challenges. In this study, a technically and economically viable
manufacturing approach was proposed to overcome these challenges and offer a
practical solution for the medical device industry. For producing components such as
the laparoscopic stapler joint, two competing manufacturing methods exist: CNC
machining and MIM. As demonstrated in this study, the mechanical properties of the
MIM-manufactured part (specifically hardness) reached and even exceeded the desired
values. Therefore, MIM can compete with CNC machining in terms of mechanical
performance. The dimensional accuracy was also in acceptable range making the MIM
as an optimal manufacturing method. It meets both mechanical and industrial
requirements efficiently.
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