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Abstract 
 
In-mold assembly process has been used for manufacturing articulated structures at the macro 

scale. But the in-mold assembly process at the mesoscale behaves differently and poses new 

challenges due to reduced structural rigidity of the mesoscale premolded component. One of the 

major challenges that need to be addressed is that of the plastic deformation of the premolded 

component during the second stage injection. This paper reports a mold design strategy and a 

detailed modeling approach to characterize and control this deformation. The following new 

results are reported in this paper. First, a mesoscale mold design with varying cavity shape is 

described to perform in-mold assembly of the mesoscale revolute joint. Secondly a transient flow 

based modeling approach to determine the forces experienced by the mesoscale parts due to 

injection molding is described. These forces are of particular interest in the in-mold assembly 

perspective since they are forces applied on the premolded component due to flow of the second 

stage melt. Finally, a mechanics-based model developed using experimental data and numerical 

CFD and FEA simulations is presented for the determination of critical mold design parameters 

that are necessary for repeatable fabrication of articulating mesoscale revolute joints. Using the 

advances reported in this paper a mesoscale revolute joint has been successfully molded. To the 

best of our knowledge, this is the first demonstration of in-mold assembly process using a 

varying cavity shape mold to create an articulating mesoscale revolute joint.  
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1. Introduction 
 

3D articulated devices involve moving parts with significant out-of-plane motion. There 

are many applications such as hard disks, cameras, photonics, cell phones, micro air vehicles, 

and drug delivery systems where the ability to scale down size and deploy mesoscale (size range 

of 0.1mm to 1mm) joints will be highly desirable because their unique behavior provides 

significant performance gains. While manufacturing technologies exist for scaling down 2D 

articulated devices [1], a scalable and cost effective manufacturing method does not currently 

exist for making 3D articulated devices. Even though individual parts can be easily fabricated, 

assembling them into devices remains a challenge (e.g., current assembly methods require 

manual assembly under a microscope to realize mesoscale 3D articulated devices). Therefore, 

despite their superior performance characteristics, mesoscopic 3D articulated devices are not 

used in practice due to throughput and cost considerations.  

Injection molding is a high throughput method for polymer processing and is being used 

produce a wide variety of products with varying shapes and sizes [26]. Micro- and meso-molding 

of polymers is a promising process that has gained popularity during the last few years [11-13]. 

Parts with features sizes as small as 10 microns are being molded [14, 15]. New methods have 

been developed for mold flow simulations, thermal management and time dependent flow during 

filling for miniature parts [16-18]. In-mold assembly has also been successfully demonstrated in 

the macroscale [7-9]. This has proven to be an effective manufacturing process to develop 

articulated parts with reduced production times and lead times. Considering the success of micro 

and mesomolding and in-mold assembly at macro scale, it is envisaged that mesomolding and in-

mold assembly can be potentially combined to develop a manufacturing process for making 

mesoscale articulated parts.  
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There are two ways to realize in-mold assembly process for a two-material structure. The 

first method involves use of overmolding process. A component is first molded using a regular 

injection mold. This component is then either manually or automatically inserted into another 

mold cavity before injecting the second stage polymer. So essentially, two parts of the two-

material structure are produced using traditional molds. Overmolding is not recommended at the 

mesoscale because inserting a molded component into a new mold is very difficult due to the 

small component dimensions. The second method involves use of a varying cavity shape mold 

and is often referred as multi-shot injection molding process. In this method, the first stage part 

does not leave the mold during the second stage injection. Instead, some of the mold pieces move 

to create room for the second stage injection. The first stage part is usually referred to as the 

premoloded component during the second stage molding. Morphing cavity molds are much more 

complicated molds. But this type of mold is the only option at the mesoscale.  

While in-mold assembly is an attractive option for manufacturing mesoscale revolute 

joints, development of a molding process that combines the benefits of mesoscale molding and 

in-mold assembly requires us to address several challenges. These challenges include:  

 
1. Developing mold configurations with the following characteristics: 

a. Techniques for varying cavity shapes to perform in-mold assembly  

b. Placing constraint on the premolded components in the mold such that their 
deformation during the second stage injection molding is inhibited.  

 
2. Developing a method to characterize and control the plastic deformation of the premolded 

component during the second stage injection process.  
 

During the in-mold assembly process, a premolded component is placed inside a second 

stage molding cavity. This premolded component is subjected to thermal and mechanical loading 
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due to the injection molding process. Unlike the macroscale in-mold assembly, one can observe 

significant plastic deformation in the premolded component at the mesoscale if the component is 

not properly constrained. This problem arises due to the fact that, owing to their sizes, the meso-

scale parts have significantly less structural rigidity and thermal resistance compared to the 

macro-scale parts. However, the mechanical and thermal loading is not significantly reduced at 

the meso-scale. To overcome this problem, the premolded component can be constrained in the 

mold cavity to minimize the deformation. However, such constraining limits the available design 

choices and also may increase the mold complexity. In order to figure out the best way of 

constraining the premolded component, it is necessary to understand how the premolded 

component will deform during the injection molding process. Once this is understood through 

the mechanics of the deformation process, it will be possible to evaluate different ways of 

properly constraining the premolded part. 

Previously, we demonstrated the technical feasibility of realizing a mesoscale revolute 

joint [19]. The current paper describes challenges which are unique to the in-mold assembly 

process at the mesoscale in detail. The mold design, the mold fabrication method, and the design 

and processing parameters that are used to address these differences in order to successfully 

realize mesoscale revolute joints are also described. Modeling approaches are described to 

predict (a) the forces experienced by the mesoscale parts present in the mold due to flow of the 

second stage polymer, and (b) the plastic deformations of the mesoscale parts due to these forces. 

The paper finally concludes with discussing the approach that was applied to manufacture a 

functional mesoscale revolute joint and the corresponding results. To the best of our knowledge a 

scalable in-mold assembly method for creating mesoscale revolute joint has not been 

demonstrated so far. This work is seen as a first step towards realizing in-mold assembly at the 
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mesoscale, and develops a mechanics-based model that is essential to understanding the physics 

of interaction between the melt flow and premolded parts in multi-shot injection molding 

processes. 

 

2. Development of a Novel Mold for Realizing Mesoscale Revolute Joints  
 

In-mold assembly methods for macro scale rigid body joints have been successfully 

developed and demonstrated in the past [7-9]. But direct scaling down of macroscale processes 

to the mesoscale is not expected to be successful. To develop a scalable manufacturing process, 

it is therefore imperative to realize the limitations of the process at smaller size scales. Hence, to 

come up with a feasible approach to manufacture functional in-mold assembled mesoscale 

revolute joints, we devoted considerable effort to identify the unique defect modes associated 

with direct scaling down of the in-mold assembly process at the macroscale to the mesoscale. In 

this section we will discuss this in detail before going on to describe a feasible mold design to 

manufacture in-mold assembled mesoscale revolute joints. 

 

2.1 Identification of defect modes in mesoscale in-mold assembly 

In order to have a smooth running revolute joint at the macro scale, the core is usually 

molded inside the cavity such that the core shrinks radially to provide the required clearances. 

The cavity in the premolded component is made by using a side action mold core insert of the 

requisite diameter. Please note that the mold piece used for molding the mesoscale cavity is 

referred to as the side action mold insert (SAMI) while the mesoscale feature on the premolded 

component is referred to as the core. Cavity refers to the mesoscale cavity in the premolded 

component.  
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 In order to carry out in-mold assembly, the cavity shape needs to change after every 

molding stage. The first stage of the molding process starts with a first stage material being 

injected into an empty cavity. The material fills the cavity completely and solidifies. Before 

starting the second stage molding, the cavity shape needs to be altered to create room for 

injecting the second stage material. Cavity shape change can be accomplished in many different 

ways. Popular cavity shape change methods include: (1) realignment of one or more mold pieces 

after injection of the first stage component to change the cavity shape, (2) swapping one or more 

mold pieces in the initial cavity with a mold piece with a different shape, and (3) adding 

partitions or shut off surfaces in the initial cavity and remove them during subsequent stages. 

Figure 1 illustrates these methods. While the cavity shape is being altered, the premolded 

component should stay in place and should not move. Moreover, the method should satisfy the 

assembly and disassembly constraints imposed on the mold pieces. After studying many 

different cavity shape change methods, we decided that a combined approach of moving mold 

pieces and adding partitions to the initial cavity would produce the best results for creating 

mesoscale revolute joints. 

 A CAD model of a revolute joint with a meso-scale features which will be in-mold 

assembled can be seen in  

Figure 2. Exploratory experiments were conducted to determine a feasible mold design and 

molding sequence to manufacture in-mold assembled mesoscale revolute joints. Some of the 

significant defects which occurred due to direct scaling of the in-mold assembly process for 

manufacturing macroscale revolute joints were recorded and are described below.  

 

(a) Using a SAMI with small diameter 
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 After careful consideration of the part design, we realized that making a SAMI with small 

diameter would be an expensive process. Also a SAMI with a small diameter poses alignment 

problems and was prone to failure due to forces applied by the injection pressure.  

Figure 3 illustrates the problem posed due to inaccurate alignment of the side action mold core.  

Figure 4 shows a defective component manufactured due to deformation of the SAMI.  

 

(b) Reversing the molding sequence 

 In the next experiment, we reversed the molding sequence to mold the mesoscale core 

first and then mold the cavity. Making a mold cavity with a small diameter is much easier than 

making a side action mold core insert with a small diameter. Hence, this method simplifies the 

mold design. Furthermore, the amount of absolute shrinkage is very small due to the small 

dimensions, which minimizes the potential of jamming the joint.  

 When using this sequence, two significant defects were obserrved. The first defect was 

due to inaccurate movement of the SAMI which resulted in shearing of the mesoscale core which 

resulted in molding of defective parts. This defect is illustrated in  

 

Figure 5. Another significant defect was observed to be the deformation of the premolded 

mesoscale core when the second stage part with the cavity was injected. During the exploratory 

experiments, the core was designed to be left as an overhanging structure. When the second stage 

polymer was injected, the flow induced forces on the mesoscale core generating bending stress 

that was sufficient to exceed the strength of the material and separate it from the base. This 

defect is illustrated in  
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Figure 6. To overcome the defect modes identified in this section, we developed a new mold 

design for mesoscale revolute joints. The new mold design requires using a different approach 

than the simple scaling down of the macro scale molds as discussed above. 

 

2.2 New mold design for mesoscale revolute joints  

 There are two possible molding sequences for manufacturing an in-mold assembled 

mesoscale revolute joint. These are reported in the previous subsection. It was therefore 

important to pick the molding sequence with lower susceptibility to defects in order to 

manufacture mesoscale in-mold assembled revolute joints. We first considered molding the 

cavity as the premolded component. To accurately position the SAMI, additional support 

structures had to be provided. This led to an increase in machining costs for the mold and also 

increased susceptibility to flash by increasing the number of parting lines in the mold cavity. On 

the other hand, molding the core first does not require any significant redesign. Hence, 

considering lower costs and lower susceptibility to flash, we decided to mold the mesoscale core 

as the premolded component.  

 We devoted a significant effort to developing a mold design that eliminates the observed 

defect modes.  

 

Figure 7 shows the mold assembly for the first stage of the in-mold assembly process to 

manufacture the revolute joint with mesoscale features where the mesoscale core is molded first. 

This mold design ensures that no seam marks are present on the first stage part, and hence there 

are no adhesion problems in the joint. This design also ensures that mold pieces move accurately 

during cavity shape change and do not cause any damage to the part.  
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When the mesoscale core is molded first, there is a concern that the melt flow during the second 

stage will bend or break the delicate pins. In order to overcome this problem, the bending stress 

needs to be minimized. Therefore, we constrained the mesoscale core on the other end to form a 

simply supported structure. We achieved this by retracting the SAMI partially after the first 

molding stage. This limited bending deformations in the premolded component, as illustrated in 

Figure 8. The pin was supported at each end by a distance of Lc. This adds a new parameter to 

the mold design that will be addressed later in the paper. The support length needs to be long 

enough such that the plastic deformation of the core is controlled, but not so large that it would 

significantly decrease the overall joint length. While doing this, we also ensured that the final in-

mold assembled part would be fully constrained. A schematic illustration of the two design 

iterations for the second stage designs can be seen in Figure 9. We also added two new mold 

pieces to the mold assembly for the second stage while reusing all other mold pieces from the 

first stage mold assembly. We introduced these pieces to provide a shut-off surface for the 

second stage part. The complete mold assembly for the second stage molding process is 

illustrated in  

 

Figure 10. 

 To develop a feasible manufacturing approach for in-mold assembly of mesoscale 

revolute joint, it is imperative to accurately predict the radial support length required for creating 

a functional joint. However to predict the radial support length, we need to have a better 

understanding of the physical interaction between melt flow and the core.  

 

3. Framework for Modeling Interaction between Melt Flow and Premolded Component 
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This section discusses a generalized modeling framework that will be adapted to the 

specific class of in-mold assembled mesoscale revolute joints developed as part of this work.  

 

3.1 Definition of deformation problem for premolded components 

 During the second stage molding, the melt enters the mold at high velocity impacting the 

premolded component and then flows around it. Once the mold is filled the flow stops and the 

melt solidifies. The flow of the melt can induce mechanical loading on the premolded component 

due to viscous and/or impact forces. It is worth noting that the melt is a non-Newtonian fluid and 

the mechanical loading occurs mainly under transient flow conditions. In addition, the premolded 

component also gets heated up by the melt entering the mold cavity. As a result of the heating 

the premolded part may soften and its strength may reduce. As a result of the time-varying 

themo-mechanical loading, the premolded component undergoes elastic and under some 

conditions plastic deformation.  In summary, this problem involves time-varying non-Newtonian 

flow, heat transfer, and elastic-plastic deformation. Solving this problem in full generality is 

almost intractable and may not be necessary from the manufacturing point of view.  

 From the manufacturing point of view, we are interested in achieving reasonable 

accuracy in estimating the plastic deformation for the parts that are considered acceptable or 

border-line defective. These parts should have very low levels of plastic deformation of the 

premolded components.  Defective parts on the other hand have relatively large levels of plastic 

deformation of the premolded components. From the manufacturing point of view, there is not 

much to be gained in accurately predicting the deformation for highly defective parts. Usually, it 

is good enough to know that the part will deform significantly and hence be defective. Moreover, 

in order to ensure reasonably good manufacturing quality control, an appropriate factor of safety 
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will need to be used to limit the influence of deformation. So an approach that overestimates the 

deformation for small deformation cases will be considered an acceptable modeling approach 

from the manufacturing point of view.  We will now try to develop a simplified modeling 

approach to meet the needs of the manufacturing community.  

 

3.2 Mechanics-based modeling of plastic deformation in premolded components 

 There are two important issues for developing a mechanics-based model of the plastic 

deformation of premolded components: (1) appropriate material properties for the premolded 

component, and (2) the boundary conditions that are experienced by the premolded component 

during the melt flow. First consider the material properties. There are two effects that can 

complicate the modeling approach due to material properties: (1) time-dependent deformations 

(i.e., viscoelasticity), and (2) thermal softening.  For either of these effects, it is necessary to have 

sufficient time for the component to heat up and soften and for the deformations to accumulate. 

In polymers, both of these effects are diffusion-controlled, therefore the time scales are similar. 

At the mesoscale, the time scale associated with the melt completely filling the mold is relatively 

short. In most cases, volumetric flow rates of 12,000 mm3/sec and mold cavity volumes on the 

order of 15 mm3 result in mold cavities being completely filled in one second or less. The 

premolded part will experience peak loading shortly after encountering the melt, since the 

loading will begin to approach hydrostatic equilibrium as the cavity is filled. So the actual time 

in which the premolded component deforms can be substantially less than the mold filling time. 

In this paper, polymers that have low thermal conductivity are of primary interest, so only slight 

changes in thermal softening and negligible time-dependent behavior is expected. Therefore, it is 

reasonable to expect that incorporating a detailed model of the thermal history and associated 
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change in time-dependent deformations of the premolded component during melt flow is not 

necessary, and a simpler approach only considering the thermal softening effects can suffice. 

 

a. Material Properties of Premolded Component  

 One approach to approximating thermal softening on material properties is to only 

consider material properties at the maximum temperature rise the premolded component will 

experience. These material properties can be determined by estimating the temperature of the 

first stage part towards the end of the mold filling and then experimentally determining the 

stress-strain curves at the estimated temperature using an appropriate specimen. This approach 

will be necessary only for those materials that exhibit significant thermal softening at the 

estimated temperature towards the end of mold filling.  An alternative approach to approximate 

thermal softening effects is to assume the stress-strain curve is the same as it is at room 

temperature, but the effective load on the premolded component is increased to account for the 

higher plastic deformation levels due to thermal softening. This can be accomplished by molding 

a specimen of suitable geometry, measuring deformation, and then estimating the effective loads 

that lead to the observed plastic deformations. Each of these approaches is valid for different 

conditions. The validity of the approach would depend on the choice of polymers, the injection 

temperatures and the geometry of the mold. Hence the approach that would be most applicable to 

the respective problem should be determined based on these conditions. This approach is 

discussed in further detail in Section 4.3 for mesoscale revolute joints.   

 
b. Boundary Conditions on Premolded Component 

 The boundary conditions on a premolded component result from the interaction of the 

component with the melt flow. As the melt impacts the premolded component and starts flowing 
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around it, the premolded component starts experiencing loading in the direction of flow. This 

load builds up from zero to a high level and then drops as the pressure equilibrates around the 

component upon the mold filling. Rather than modeling the time dependent load, it is possible to 

just use the highest load that the component experiences during the melt flow. Usually, the 

dynamic pressure heads associated with melt flow are quite low at the meso-scale. So, the effect 

of impact can be ignored and only transient flow modeling is needed to determine the highest 

drag force on the component and use it to generate the pressure distribution. In case of simple 

geometries, the overall drag force can be estimated on the component and distributed uniformly 

on the surface of the component facing the flow to estimate deformation. Whether the uniform 

pressure distribution would be accurate or not can be determined by applying a uniform pressure 

distribution in the mechanics-based model and then matching the estimated plastic deformation 

trends with the experimentally observed deformation trends. In case of more complex 

geometries, it will be necessary to accurately model the non-uniform pressure distributions. A 

transient computational fluid dynamics (CFD) simulation around the premolded component can 

be used to provide the profile for the pressure distribution. This flow modeling strategy adopted 

for the mesoscale revolute joint is described in Section 4.2. 

 Once the pressure distribution that results from the melt flow is determined, it is possible 

to apply it as a boundary condition on the premolded part using appropriately measured material 

properties. To solve the mechanics-based boundary value problem and estimate the plastic 

deformation of the premolded component, Finite Element Analysis (FEA) is employed. As the 

premolded component deforms during the second stage injection, there is relative movement 

between the first stage part and the mold pieces. Hence, friction between the first stage part and 
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the mold pieces will play some role. However, the effect of friction would be negligible for low 

deformations and hence it can be ignored. This approach is described in detail in Section 4.4. 

 

4. Experimental Implementation of the Mechanics-Based Model for Controlling Plastic 
Deformation in Premolded Components 

 
The physics of the melt flow plays a significant role in the plastic deformation of the 

premolded component that occurs in the injection molding process during the filling phase. We 

conducted experiments to obtain data to quantify the previously discussed parameters that affect 

the plastic deformation. These experiments enabled the mechanics-based model to be 

implemented for controlling the plastic deformation of the premolded component, which in this 

investigation was a mesoscale core whose plastic deformation is a function of the radial support 

length.  

 

4.1. Experimental configuration 

 To understand the effect of the radial support length on the plastic deformation of the 

premolded mesoscale core, it was important to control this length accurately with a high 

resolution. To achieve this, we designed a wedge type mold for the experimental setup. This 

setup is illustrated in  

 

Figure 11. This mold was designed such that if the wedge was moved by a distance x, the support 

moved by a distance of x/10. Utilizing the symmetry of the mesoscale revolute joint, we 

designed the experimental setup to have only one mesoscale core. This simplified the 

experimental procedure since the geometric constraints between the first stage part and the 

second stage part were removed. Hence we were able to separate the first stage part and the 
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second stage part and examine them separately. The injection molding parameters used for each 

stage of the experiment can be seen in Table 1. 

  

4.2. Determination of forces on premolded component through predictive modeling of melt flow 

 To develop a predictive model for the plastic deformation of the mesoscale core due to 

varying support lengths, several modeling parameters need to be determined. These are: (a) the 

effective pressure experienced by the mesoscale core in the premolded component as the second 

stage melt flows around it and (b) the nonlinear stress-strain data for the first stage polymer 

(ABS). The flow of the second stage polymer (LDPE) around the mesoscale core results in a 

drag force which is responsible for its plastic deformation. This drag force can be modeled by 

assuming a fluid flow around a cylinder. But the physics of the injection molding flow problem 

is significantly different from a steady flow of a fluid around a cylinder. In steady state 

formulations, a continuous stream of fluid is assumed to be flowing at a constant flow rate for a 

sufficiently long time. But in the injection molding case, unlike in steady state formations, the 

fluid or the polymer melt encounters a mold wall downstream of the cylinder. As soon as the 

fluid flow reaches the mold wall, a steady back pressure develops in the flow leading to 

equilibration of the drag flow forces on the cylinder. Hence in order to obtain an appropriate 

estimate of the forces on the cylinder, it is important to model the transient flow of the polymer 

melt around the cylinder. Hence we only considered the flow time before the polymer melt 

reaches the mold wall downstream of the cylinder. This time is usually equal or smaller than as 

the fill time for the polymer melt.  

 The pressure acting on the mesoscale core was estimated using the commercial CFD code 

known as FLUENT 6.3.26 [25]. A three dimensional model of the mold cavity for the second 
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stage injection was constructed using a cylindrical cross section to represent the mesoscale core 

of the first stage part. The flow stream inside of the mold cavity is illustrated in  

 

 

Figure 12. The flow stream was meshed using a 7 element thick boundary layer on the flow 

boundaries around the mesoscale core and the mold walls. Each element layer along the 

boundary constituted of 30 elements along the cylinder and 160 elements along the mold walls. 

The remaining volume of the flow stream was meshed using a uniform triangulated mesh with 

35 elements along the edges. We conducted a convergence study by comparing the solutions for 

different mesh sizes to determine that the meshing was numerically adequate.  

A transient, mixture flow was used in the CFD model. The mold cavity consisted of air 

with a volume fraction of 1 at time t=0. An initial condition of 0.0064 kg/s was then prescribed at 

the inlet for the LDPE, which corresponds to the constant volumetric flow rate of 12 cc/s 

observed in the mold during second stage injection. The face downstream of the mesoscale core 

was described as a uniform outlet flow. The flow of the LDPE is described as a non-Newtonian, 

shear thinning flow which is described as a power law viscosity flow shown in equation 1 [21-

24]: 

1. n

Km g
-

=           (1) 

The properties used for modeling the flow of LDPE are tabulated in Table 2.  

 Each time step in the simulation corresponded to 10-4 s in real time. We ran the 

simulation for 20 time steps. By the 16th time step the LDPE flow hit the mold wall downstream 

of the mesoscale core. In order to obtain the effective pressure on the mesoscale core as a 

function of time, we conducted another simulation with a finer timestep of 10-5s. The starting 
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time for this simulation was 0.0012s. We ran this simulation for 50 timesteps. The force 

experienced by the mesoscale core is a sum of the pressure forces and the viscous forces of the 

flow. This force is averaged over the profile of the mesoscale core to calculate the effective 

pressure experienced by it. As mentioned previously, the CFD simulation is valid only till the 

LDPE flow reaches the mold wall downstream of the mesoscale core. Subsequently the force on 

the mesoscale core equilibrates causing a drop in the effective pressure experienced by it. Hence 

the maximum effective pressure experienced by the mesoscale core before this time, is taken into 

account for calculating the plastic deformation of the mesoscale core.  

4.3. Determination of material properties through flexure experiments 

 The deformation of the core in the first stage part was noted to be nonlinear since there 

was very little elastic recovery after disassembly of the first stage and second stage part. Hence 

for developing a predictive model for the plastic deformation it was necessary to establish the 

nonlinear structural material properties of the first stage polymer. Since the injection temperature 

of the second stage melt is around 130°C, it was important to consider the change in material 

properties of the first stage polymer ABS with temperature.  

 To accomplish this, we injection molded an ABS beam with a square cross section. We 

then loaded this beam in flexure to obtain the force versus deformation curve for multiple 

specimens. We recorded the force versus deformation data for four different temperature 

profiles. This experiment gave us an understanding of the relationship between temperature and 

the stress-strain behavior of the polymer. These results will be discussed in detail in Section 5. 

To obtain the stress-strain behavior of ABS, we calibrated the experimental data for the force 

versus deformation with a finite element analysis in ANSYS 9.0 for the same geometry.  
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4.4 Modeling of plastic deformation of premolded component using finite element analysis 

 We incorporated the effective pressure and the stress-strain data for ABS, which were 

determined using the procedure described in the previous section, into a model representing the 

pressure of the melt flow on the premolded component in a finite element analysis performed 

using  ANSYS 9.0 as follows [27]. 

1) The core is segmented into four sections as illustrated in Figure 13. An equivalent 
pressure based on the injection flow rate was applied on the top half core on section II. 
We determined this equivalent pressure using the LDPE flow simulation described in the 
previous section. 

 
2) Section IV was constrained in the Y and Z direction. However it was free to move in the 

X direction.  
 

3) We modeled material nonlinearities using piecewise linear elastic properties. We 
obtained these properties based for ABS experimentally as explained earlier. Table 3 lists 
the nonlinear stress-strain data that was obtained from experiments. 

 
4) The part was meshed uniformly as a tetrahedral element (Solid92) which supports plastic 

deformation. 
  

5) We then solved the finite element problem thus formulated to obtain the plastic 
deformations.  

 
6) Finally, we tabulated these solutions for different support lengths. 

 

4.5 Comparison of modeling results with experimental data 

 In order to validate the previously described model, experiments were conducted where 

the maximum deformation, dm, of the mesoscale core due to the second stage material flow was 

recorded, as illustrated in  

 

Figure 14. An example of a deformed sample can be seen in  
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Figure 15. This sample was obtained by radially supporting the mesoscale core by 6.66% of its 

overall length. Results from the finite element analysis for the same radial support length can be 

seen in  

 

Figure 16. In the next section, results obtained from the experiments and the finite element 

analyses are discussed in further detail. 

 

5. Results and Discussion 
 

We conducted the experiments on a Milacron Babyplast injection molding machine using 

the processing parameters described in  

 

Figure 17 shows the first stage part successfully molded using the methods described in 

the previous sections. We subsequently used this component to continue with the in-mold 

assembly process. During the first experiment we used our second stage mold design with 

unconstrained mesoscale cores (as an overhanging structure) as described earlier. This resulted in 

large scale bending of the mesoscale core when the second stage polymer was injected, finally 

leading to shearing of the mesoscale core rendering the joint unusable. Subsequently, we used 

the results of the experimental and finite element analysis described in the previous section to 

determine the adequate radial support length required to manufacture functional joints.  

 For the first part of the analysis, we obtained plots for the maximum plastic deformation 

of the first stage part when the radial support length was varied. This experiment was conducted 

at the recommended injection pressure (635 bars) for the polymer and the mold material. A flow 

rate of 12 cc/s was used to calculate the effective pressure on the mesoscale core. From the flow 
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simulations, we obtained the relationship between the effective pressure on the mesoscale core 

and the flow time. As shown in Figure 18, the effective pressure on the mesoscale core increases 

linearly as a function of time. The maximum effective pressure acting on the mesoscale core 

determined by the point on the curve where the melt flow begins to equilibrate corresponds to 

120 bars. Therefore, this pressure was used as the boundary conditions in the finite element 

analysis of bending deformation of the mesoscale core.  

 An important observation from Figure 18 provides counterintuitive insight into the 

relationship that exists between the interaction of the polymer melt and the mesoscale core as a 

function of the mold geometry, in this case the channel length downstream of the mesoscale core 

used to determine the maximum pressure. Intuitively, it would be reasonable to assume that once 

the melt reaches the mesoscale core, the loading state resulting in the observed experimental 

deformations would have been achieved. However, there is a substantial time scale over which 

the loading evolves in steady state melt flow. Since the channel downstream of the mesoscale 

core interrupts this flow, it effectively limits the time scale over which the loads can evolve. 

Thus, the model suggests the mold geometry can possibly used to limit the interaction between 

the mesoscale core and the melt flow by reducing the size of the channel downstream. 

 The results of the experiment to determine the material properties at elevated 

temperatures for the mesoscale core are illustrated in Figure 19. It shows the material behavior 

for four different temperatures. As seen in the figure, there is no significant change in the linear 

portion of the stress-strain behavior (flexural modulus) of the material with temperature for 

25°C, 33°C and 50°C. The differences in the nonlinear portion of the stress-strain curve can be 

attributed to some amount of thermal softening at elevated temperatures. On the other hand, the 
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flexural modulus of the material was observed to be significantly lower at 62°C. This behavior is 

expected since this temperature is above the Vicat softening point for ABS (around 55°C) 

 From this experiment, we were able to conclude that the material properties of the first 

stage polymer are not affected significantly for a temperature change of 10-15°C. The rise in 

temperature of the first stage part is not expected to be more than 10-15°C since, (a) ABS is a 

poor conductor. So it has a high resistance to temperature change. (b) The effect of the 

temperature change needs to be considered only during filling. The time in which filling is 

completed is negligible when compared to the amount of time required to heat ABS to a high 

temperature. Considering these factors, we felt that the change in material properties of the 

polymer due to thermal softening could be ignored in this case.  

 The results of the finite element analysis of the bending deformation for the mesoscale 

core conducted in ANSYS agree well with the experimental data recorded for the deformation 

versus radial support length for this pressure. These results are illustrated in  

Figure 20. The model predicts the deformation of the mesoscale core to decrease with increasing 

radial support length. The plastic deformation of the mesoscale core tends to zero for radial 

support lengths higher than 30% of the length. From this analysis, it can be concluded that a 

radial support length of 30% of overall length of the mesoscale core as the design parameter. 

Any deformations present in the mesoscale core beyond this point, lie within the manufacturing 

tolerances associated with injection molding process. Hence the model gives a good 

approximation of the plastic deformation due to radial support length. 

 In subsequent experiments for manufacturing in-mold assembled revolute joints we 

supported the mesoscale core on both sides along 30% of its length as described above. This 

solved the problem of the plastic deformations due to high bending moments applied by the flow 



 23 

of the second stage polymer. Using this method, we were able to manufacture a fully functional 

in mold assembled revolute joint. This is illustrated in Figure 21. After determining the mold 

design that would result in properly functionally assemblies, we molded 8 functioning 

assemblies. Using the techniques described above, we were able to manufacture these assemblies 

repeatably without any defective parts. 

 

6. Conclusions 
 

This paper establishes the technical feasibility of using in-mold assembly process for 

creating articulating mesoscale revolute joints. The following new results are reported in this 

paper. First, a mold design is described with varying cavity shape to perform in-mold assembly. 

Second, a modeling method is described to determine the forces on the premolded component 

due to the second stage injection. Third a modeling method is described to determine the 

deformation of the premolded mesoscale component due to the second stage injection. These 

methods are then used to select the required radial support length for obtaining functional 

mesoscale revolute joints. This joint is fully functional and can be manufactured repeatably using 

the process described. The deformations of the mesoscale premolded component fall within the 

acceptable joint tolerances. To the best of our knowledge, this is the first demonstration of in-

mold assembly process to create a mesoscale revolute joint. 

 As part of the modeling effort, a process is described to estimate the effective pressure 

experienced by a cylinder which falls in the flow path of an injection molding melt. A non-

newtonian flow CFD model is used to estimate this pressure. The estimate provided has an error 

margin of up to 20%. Further research is required to simulate the 3 dimensional transient mixture 

flow of a polymer in a narrow channel to reduce the margin of error. This model is the first 
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attempt at understanding the physics of interaction between the melt flow and free-standing 

structures in multi-shot molding processes, and suggests a non-intuitive influence of the mold 

geometry on the loading experienced by the free-standing structure.  

 A nonlinear FEA model is also described for predicting the deformation of a mesoscale 

core when placed in the polymer flow environment. This model agrees with the experimental 

deformation with an error of around ±2%. To improve the accuracy of the model, further 

research is required to model the actual flow of the polymer inside the mold. This will provide a 

better understanding of the distribution of pressure on the first stage part during the flow of the 

second stage polymer over it thereby improving the accuracy of the estimation of the 

deformation. Methods also need to be developed to study the effect of axial shear stress on the 

mesoscale core on its deformation. 
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Table 1. Injection molding parameters 

 
 Stage 1 Stage 2 

Material ABS LDPE 
Injection Temp. 220°C 130°C 

Injection 
pressure 

600 bars 600 bars 

Cooling time 15s 5s 
 

Table 2. Flow properties of LDPE 
 

Density 525 kg/m3 

k 11220 
n 0.41 

Minimum Viscosity 5 Pa-s 
Maximum Viscosity 6300 Pa-s 

 
Table 3. Nonlinear stress-strain properties of ABS 

 
Stress (Pa) Strain 

0 0 
1.80E+07 8.00E-03 
3.60E+07 1.60E-02 
5.20E+07 5.00E-02 
6.00E+07 1.25E-01 
6.20E+07 1.53E-01 
6.36E+07 1.70E-01 
6.42E+07 1.88E-01 
6.53E+07 2.81E-01 
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Figure 1. Examples of different ways to change cavity shape during second stage. 

(a) moving a mold piece (b) changing a mold piece (c) removing partition 

Cavity shape  
after completing  
first stage 

Cavity shape  
before starting  
second stage 



 iii  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Design of in-mold assembled revolute joint. 
 

Stage 2 LDPE 

Stage 1 ABS 

Pin diameter 
= 0.75 mm 
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Figure 3. Schematic representation of inaccurate alignment of SAMI 
 

Accurate SAMI positioning 
and movement 

Inaccurate SAMI positioning 
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Figure 4. Deformation of side action mold core due to injection pressure 
 

SAMI plastically deforms due to high 
temperature and pressure 

Defomed meso scale features 
Example of Defective 

Component 
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Figure 5. Inaccurate side action resulting in shearing of mesoscale core 
 

Shearing of Meso Scale features due to 
inaccurate core movement 

Pin sheared off due to 
inaccurate core movement 

Desirable First 
stage part 

Example of Defective 
Component 

Exceeding Fracture Strength 

Undesired y motion due to 
inaccuracy in movement 
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Figure 6. Deformation of mesoscale core due to second stage injection 
 

Example Defective Component  

First stage 
part (ABS) 

Second stage part 
(LDPE) 

First stage Injection  

Side core 

Second stage part 

Shut off surfaces 

Bent pins due to second stage 
injection 

Second stage Injection  

Unsupported meso scale Feature  
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Figure 7. Mold assembly for Stage 1. 
 

Aluminum mold pieces  
 : Traditional milling 

Material Injection position 

Brass mold pieces 
 : EDM 
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         (a) Initial Concept   (b) Improved Concept 

 
 
 

Figure 8  Bending of pin due to unsupported second stage injection. 

 

High Pressur e 
Plastic 

Bends due to injection pressure in the 2nd stage 

High Pressure 
Plastic Lc 

 Part does not bend due to injection 
pressure on the 2nd stage 

Gross shape of cavity for second stage 

First Stage Part First Stage Part 
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Figure 9 Mold design iterations for second stage injection. 
 

First stage Injection  

Side core 

Unconstrained pin  Supported pin  

Side core used as a 
support structure 

Second stage part 

Shut off surfaces 

Second stage part 

Shut off surfaces 

Bent pins due to 
second stage injection 
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Figure 10. Mold assembly for stage 2. 

First stage 
component: ABS 

Aluminum mold pieces  
 : Traditional 
milling 

Brass mold pieces acting 
as supports for the pin 

Material Injection 
position 

Cores providing 
shut-off surfaces 
for the second 
stage molding 
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Figure 11. Experimental setup for correlation of support length with deformation of core 
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Figure 12. Finite element mesh for flow simulation to determine effective pressure on 
mesoscale core 

 
 

Massflow Inlet 

Outflow 

Mesoscale core 
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Figure 13. Force modeling on the premolded component. 
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Figure 14. Measurement of maximum deformation dm 

dm 
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Figure 15. Deformed sample with radial support length of 6.66% 
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Figure 16. Sample results for ANSYS analysis for 6.66% Radial support length 
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Figure 17. Injection molded first stage component. 

First stage part United States penny 

Pin diameter = 0.71 mm 
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Figure 18. Effective pressure on mesoscale core obtained from flow simulation 
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Figure 19. Load versus deformation for the ABS beam  
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Figure 20. Finite element analysis for deformation versus radial support length for a flow 
rate of 12 cc/s 
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Figure 21. Two configurations of the in mold assembled mesoscale revolute joint 
demonstrating rotation of the joint  

 

First stage part - ABS 

Second stage part - LDPE 

Part after 90° rotation  


