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Abstract. The demand for biodegradable implants is increasing as their efficiency in reducing the 
number of removal surgery after the healing process. However, the fabrication of magnesium 
miniplate by microforming is still a challenge due to its mechanical properties at room temperature 
and the micro-scale of the implant’s product. In this research, ultrasonic vibration is used to 
improve the production quality of micro-forming magnesium. The fabrication of miniplate 
magnesium includes micro blanking, micro punching, and micro stamping processes. The 
progressive system is adapted into the tool due to the constraint of design complexity. The 
simulation was conducted to validate the tool design and microforming process. The result of this 
research is a complete set of tool designs that is capable to integrate with Ultrasonic Vibration 
Assisted Microforming (UVAM) for producing miniplate implants with desired quality and 
accuracy. Furthermore, micro punching and microstamping stress decreased by around 30% when 
assisted with Ultrasonic Vibration.  
Introduction 
Osteosynthesis with a miniplate is a recovery method for a fractured bone which is carried out by 
making a bond between the fractured parts to be strong enough to hold and help in rejoining the 
bones. Orthopedic implants usually use titanium as the common material for miniplate, however, 
magnesium is superior due to its dissolving ability, therefore no extra surgery to remove the 
implant after the healing process is needed [1]. On the contrary, the magnesium miniplate 
fabrication by microforming is hard to be carried out because the forces and pressures causing 
cracks and fractures, especially at room temperature. The microcracking can spread to the overall 
structure causing damage and influencing the implant properties.  

Currently, there have been researched regarding the ultrasonic technology that potentially can 
prevent and overcome the obstacles that exist in the character of magnesium. Ultrasonic Vibration 
Assisted Microforming (UVAM) embedded in the production system can help prevent cracking 
and produce a smoother surface roughness so that a more refined product is obtained with 
decreasing fracture rate and forming force [2], smaller grain and roughness [3]. In this research, 
the design of the tool for the miniplate manufacturing is done. The designing process will take 
account of the miniplate design, the constraints and the ability to be integrated with the UVA 
system, moreover the result will be simulated and analyzed on the stress reduction as expected. 
Design of Progressive Tools 
The designing of the tools will be conducted in few steps, starting from defining constraints, 
conceptual design, embodiment design and determining material of the components.  
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Defining constraints: Product Design (Miniplate) and Machine Capacity & Working Area. The 
design of the product that should be obtained is shown in Fig 1. By considering the product 
functional and micro dimension-tolerance size, the tolerance of the product design that should be 
achieved also very tight which also a major challenge to be considered on the tool design.  

The product is made of magnesium, in which the Ultimate Tensile Strength (UTS) is the main 
bottleneck quantified factor of forming. Magnesium has a very low density which make the 
product lightweight, however on room temperature, it is corrosive [4] and very brittle [5] which 
made it hard to form perfectly, especially in micro-scale with the high tendency to crack. The 
magnesium material structure features the Hexagonal Close-Packed (HCP) structure in which 
microcrack could happen with the mechanism discussed by Wang J et al. [6], Cauthen C et al. [7], 
Mordike et al. [8] that could be derived into more extensive crack in the structure overall. There 
are studies to optimize the forming process for magnesium, which includes the introduction of 
Ultrasonic Vibration Assistance to the microforming process. The assistance will help decrease 
the microcrack growth by less friction occurred and the thermal softening feature. 

Unit: millimeter 
Figure 1 Miniplate design 

The working envelope dimensions and capacity of the microforming machine should be taken 
into consideration when designing the tool with the ultrasonic vibration system integration. The 
microforming machine used in this study is the 5 kN microforming machine which was developed 
by the Manufacturing Laboratory, Department of Mechanical Engineering, Universitas Indonesia 
with an NX940MS-PS10-3 servo motor with a SCX10 motor controller as actuator. The tool 
together with UVA system will be mounted on the machine’s bolster. The maximum area opening 
is 105 mm in diameter and 229 mm in height. [9] 

Conceptual Design: Process Concept and the UVA System. Progressive tool system is chosen 
due to the complexity of the process. It is divided into two processes or strokes (illustrated in 
Fig. 2) to ensure the product quality and the process safety [9].  

a. Blanking process: the making of main structure of the miniplate. 
b. Punching with stamping: the making of four holes with chamfer 45°, resulting the product. 

 
Figure 2 Step-by-step forming process of miniplate 

The UVA research done by Hu et al. [2] and Liu et al. [3], analyzing the deformation of 
aluminum and copper material blanking process, shows that there is improvement on the surface 
roughness and smaller grain was achieved compared to the result without UVA, therefore similar 
UVA system is deployed in this research to analyze the differenced in quality and numerical effect. 
The same concept with the previous researches, including the determination of frequency and 
amplitude by the modal analysis to find the resonance frequency, moreover determine close-to-
resonance frequency to achieve maximized longitudinal direction wave travel. The number will be 
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differed by the different shape, load and vibration mode. In this case, the longitudinal waves will 
be deployed on the UVA system which structured in such way (Fig. 3) that the vibration is inducted 
fully to the tool. Several studies have shown that the application of ultrasonic vibrations to the 
microforming process can increase the ratio of smooth zone with a polishing effect, reduce surface 
roughness [3] and improve product quality due to the cutting mechanism and thermal softening 
caused by temperature rise [10] as well as reduce forming forces because the friction between the 
workpiece and the tool is reduced [2]. Manufacturing on a micro scale is not the same as on a 
macro scale because the ratio between the dimensions and the microstructure changes when the 
scale is lowered. This reduction effect is called the size effect [11]. The size effect can be 
characterized as a comparison of the macro geometry to the microstructure, surface topography, 
and lubrication conditions, as well as parameters such as flow stress, forming limit, ultimate 
shearing strength, fracture, and roughness.[12] 

Without the UVA, there will be more stress occurred during the process, especially on its peak 
which very potentially caused microcracking on magnesium material while will not be noticed 
happening during the process. The UVA system is expected not only to have impact on the forming 
force and stress or pressure, but also improve the product burr. 

The UVA system deployed is the single longitudinal transducer with four stacks of piezoelectric 
ring clamped between the upper mass and lower mass which ensuring the vibration is channeled 
to the tool or punch that clamped to the lower mass, in this case, the Ultrasonic Vibration will work 
on the same axis of the forming process as seen illustrated on Fig. 3. The tool is attached to the 
UVA system perfectly, thus the vibration could be inducted completely without disturbance. 

The designated UVA is integrated with the travel of tool set in the microforming machine, in 
which the wave occurred is the up and down travel on the main tool travel direction (moving down 
towards the die), therefore the UVA will move the tool set move back in negative and forward in 
positive in respect of the main travel axis along the process of machine movement in the main axis 
(tool set towards die), while without the UVA, the tool set will simply travel down towards the die 
according to the machine setting. Basically, with the UVA, by the ultrasonic wave, there will be 
enormous counts of tool-workpiece contacts, therefore causing heat for thermal softening, while 
also decrease the friction between the tool and workpiece, therefore the process become the 
multiple-micro-punch process, as if the accumulation of the sequence will spread the energy 
throughout the contacts and thus decrease the peak stress.  

The use of UVA must follow the specified specifications, such as the frequency and amplitude 
determined by the simulation and trials so that the result should be obtained with no microcrack 
and burrs, which also being decreased in grain and roughness on the produced miniplate compared 
with without UVA, however the specific measurement is yet to be determined. The whole tool 
system with the UVA is illustrated in Fig. 3. The UVA will be activated throughout the whole 
process to ease difficulty in integrating ultrasonic timing and manufacturing procedure complexity. 

 
Figure 3 Tool System with UVA 

Embodiment Design: Punches, Dies, Strippers and the materials. The detail design consists of 
components that build the whole tool system, which mainly including punch and dies [13]. The 
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designing of the punch requires accuracy, functionality, and appropriate strength for each process. 
(illustration on Fig. 4) 

a. Blanking process: the geometry is adapted from the main structure of the product design 
as it is the process of making the main structure, also including the dimension with 
subtraction adjustment of the clearance (around 10 µm). 

b. Punching and stamping process: the geometry is adapted from the hole of product design 
with the slope in the stamping process, also including the dimension with summation 
adjustment of the clearance (around 10 µm).  

   
Figure 4 Punches Design, for punching (left) and blanking (right) 

The punches also need to follow designing requirements, such as the maximum length (𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚) 
according to the Eq. 1 as follows [14] 

 

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  𝜋𝜋𝜋𝜋
8
�𝐸𝐸𝜋𝜋
𝑆𝑆𝑆𝑆

                             (1) 

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚  : maximum length permitted [mm] 
𝑑𝑑   : diameter [mm] 
𝐸𝐸   : modulus elasticity of the workpiece material [MPa] 
𝑆𝑆  : shear stress of the workpiece material [MPa] 
𝑡𝑡   : thickness of workpiece material [mm] 
𝜋𝜋
𝑆𝑆

= 1.10 minimum 
 
The design of the punches made is far from the limitation calculated from the maximum length, 

therefore fulfil the design fundamental. 
The designing of the dies is done according to the system of the punch, as well as the strength 

for the functionality and the accessibility aspect, also including the adjustments of the clearance 
(around 10 µm). In this case the slot for the main structure to fall in the blanking process and the 
final product to be able to be taken from the dies slot. The thickness is also determined by the 
usability for handling the punching process and the material used for the punch and the dies itself. 
(illustration on Fig. 5) 

 
Figure 5 Dies Design 

Polyurethane stripper is used for the design, aiming for releasing the scrap and workpiece from 
the punch, therefore the flexibility and forces are adjusted according to the constraints. 

For the materials, plates, pins and the ring settings will be using S45C, while the punch and dies 
will be using SKD11 and stripper from polyurethane with respective properties as on Tab. 1. 
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Analysis 
Calculation on Forces and Pressure. The shearing force for blanking and punching processes 
(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑖𝑖𝑝𝑝𝑖𝑖) follows the Eq. 2 [14], 
 
𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑖𝑖𝑝𝑝𝑖𝑖 = 𝐿𝐿 × 𝑇𝑇 × 𝜎𝜎 =  𝐿𝐿 × 𝑇𝑇 × (0.7 ×  𝑈𝑈𝑇𝑇𝑆𝑆)  (2) 
 

while for stamping process (𝐹𝐹𝑠𝑠𝑆𝑆𝑚𝑚𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖) follows the Eq. 3. 
 
𝐹𝐹𝑠𝑠𝑆𝑆𝑚𝑚𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖 = 1

√5
 × 𝑈𝑈𝑇𝑇𝑆𝑆 × 𝐴𝐴  (3) 

𝐿𝐿   : punching perimeter [mm] 
𝑇𝑇  : workpiece thickness [mm] 
𝜎𝜎  : workpiece material shear strength [MPa] 
𝑈𝑈𝑇𝑇𝑆𝑆  : Ultimate Tensile Strength [MPa] 
𝐴𝐴   : cross-section area [mm2] 

The resistant force by the stripper (𝐹𝐹𝑠𝑠𝑆𝑆𝑠𝑠𝑖𝑖𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠) also accounts for the total force: [14] 
 
𝐹𝐹𝑠𝑠𝑆𝑆𝑠𝑠𝑖𝑖𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠 = 𝐸𝐸.𝐴𝐴.∆𝐻𝐻

𝐻𝐻
                            (4) 

𝐸𝐸  : modulus elasticity of urethane [MPa] 
𝐴𝐴  : cross-section area [mm2] 
∆𝐻𝐻  : change of height [mm] 
𝐻𝐻 : initial height [mm] 
 
Following the equations, the blanking force including the striping force require around 3890 N, 

while punching and stamping of four holes approximately 1880 N and 2205 N respectively. The 
total forces for every process, blanking, punching and stamping with respective striping, have to 
be designed as progressive system as the compound system not only the complexity issue, but also 
the constraint of maximum force could be exerted by the machine (5000 N), while the compound 
system require at least 5770 N of force. Thus, the two-stroke process (progressive system) is 
chosen, besides the complexity of the design. 

Stress Analysis and Buckling Simulation.The stress analysis and the buckling simulation is 
done using the Finite Element Analysis (FEA) software according to the maximum machine 
capacity force (5 kN) in actual dimension. The result (as seen in Fig. 6) is shown by color indicator 
for the stress distribution, from the lowest stress in blue and highest in red, in which on the punch 
(blanking on the left and punching on the right) have its highest stress on the red pointed spot and 
mostly focused on bottom part or the section in which will in contact with the workpiece. The same 
trend occurs to the die, in which the contact sections are the high stress area. The highest stress 
analyzed is around 1464 MPa (on the die) which is lower than the SKD11 material yield strength 
on the 1650 MPa. Therefore, with the maximum machine capacity of 5kN is still safe for usage in 
the SKD11 material (no buckling will occur).  
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Figure 6 Stress analysis on the punches (left) & die (right) 

Explicit Dynamic Simulation on the Tool. The explicit dynamic simulation is done using the 
Finite Element Analysis (FEA) software, simulating punching and stamping processes (stroke 2), 
done by the punch move towards the workpiece and die, with and without the Ultrasonic Vibration 
Assistance (UVA) at frequency of 37.8 kHz and amplitude of 2.5 µm, that were determined by the 
modal analysis and harmonic response of the whole system, with several adjustments strategy for 
the runtime such as the time scaling, meshing and erosion control. The material mode used in the 
simulation is as shown in Table 1. On the meshing strategy, it is determined by the smallest 
dimension tolerance or the smallest unit of the dimension for the focused part (die and punch) and 
rather large for only functional part (stripper), which is indicated on the simulated model (Fig. 7), 
while erosion control is retain default as it is not significantly effecting on the simulation process 
and time scaling is determined by 10 times faster. The simulation setting strategy is made for 
accuracy of the result as well as the simulation running time. The simulation was done only on one 
hole (the model shown as section view in Fig. 7) which already sufficient for substituting the whole 
process (half part equal substitutes) and the materials properties are shown in Table 1. The result 
will be shown in graph which value figures of one hole as it is similar in every hole, moreover the 
blanking process is also much more simple and lower in case of force and stress value, therefore 
is also considered substituted by the punching and stamping processes. In the simulation, the force 
and the stress data in the three processes that occurs on the miniplate is taken to be analyzed for 
both with and without assistance of Ultrasonic Vibration. 

 
Figure 7 Section View of the simulated model with the meshing description 

Table 1 Model Materials Properties for Simulation 
SKD11 [15] Magnesium [16] 

Properties Johnson-cook Strength Properties Steinberg-Guinan Strength 
Density (ρ, kg/m3) 8400 Initial yield stress (A, MPa) 1766 Density (ρ, kg/m3) 1780 Initial yield stress (MPa) 190 
Modulus of elasticity (E,GPa) 208 Hardening constant (B, MPa) 904 Specific heat (J/kg°C) 999 Maximum yield stress (MPa) 480 
Poisson ratio  0.3 Hardening exponent (n) 0.39 Shear modulus (GPa) 16.5 Hardening constant (B) 1100 
Bulk modulus (GPa) 173 Strain rate constant (C) 0.012   Hardening exponent 0.12 
Shear modulus (GPa) 80 Thermal softening exponent 3.38   Derivative dG/dP G’P 1.6995 
Thermal conductivity (W/m.k) 20.5 Melting temperature (K) 1733   Derivative dG/dT G’T -8.4E+6 
Thermal expansion (m/m.k) 11     Derivative dY/dP Y’P 0.0196 
Specific heat (J/kg°C) 461     Melting temperature melt (°C) 876.85 

Polyurethane [17] 
Properties Principal Stress Failure 

Density (ρ, kg/m3)   1265 Maximum Tensile Stress (MPa) 34,5 
Bulk modulus (GPa)   2 Maximum Shear Stress (MPa) 1 E+17 
Shear modulus (GPa)   5     

Polyurethane 
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Figure 8 Graph of Tool Stress and Displacement without UVA and with UVA for one hole 

It can be seen in Fig. 8 that according to the simulation, the use of UVA can reduce stress 
averagely around 30% on both punching and stamping (as seen on the graph) which is needed to 
carry out microforming processes, especially at its peak, however it may differ on the experiment 
as other factors also may take effect. From Fig. 8, it was found that the ultrasonic softening effect 
had an impact on the stress being lower, such in the punching and stamping processes as seen at 
the displacement of 0.2 mm until finish. The result achieved in this research also having the same 
trend of result done by Zhao et al. [18] which shows the effect on the stress-strain by having the 
ultrasonic vibration assisting the process. The UVA affect the stress as well as the force or the tool 
load which are lower than without UVA by respective average percentage. The cause of the 
lowering in stress and tool load is the mechanism of contacts accumulation between tool and 
workpiece, therefore the process is one with accumulated force and stress, while the magnesium 
material is also affected by the thermal softening that may take account on the material properties 
and characteristics.  

The result also shows that the simulation and calculation by the equations match to each other 
with slight tolerated difference. On further research, experimental process can be executed and it 
is expected that by the use of UVA, there will be decrease in number of microcracks and burr 
occurred that could be monitored by visual control with visual magnifying device, throughout the 
whole microforming process, therefore producing more precise in tolerance product as well, 
however the specific number for the decrease is yet to be determined on the experiment result.  
Summary  

• The design of the punch and dies pass stress and buckling analysis on its UTS material 
(SKD11) and machinability (5kN), making it safe for use in its intended use and 
constraints. 

• The effect of using UVA can be seen from the stress data which decreased by around 30%, 
as well as the quality of the resulting miniplate according to the simulation. 

• This research will be continued for further analysis with the manufacturing and 
experimentation, therefore in this research is coped only up to the designing and simulating. 
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