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Abstract Incompatibility of cementitious materials with admixtures often requires time consuming testing. Usually, several mixtures need to be prepared either using concrete or paste to determine the optimum High Range Water Reducer Admixture (HRWRA) dosage and type. The number of tests increases if the dosages of supplementary cementitious materials (SCMs) are also being optimized. To help reduce testing time and amount of materials used, a high-throughput micro rheometer is being designed that is based on an oscillatory parallel plate type rheometer. This novel device is a planar single-Degree of Freedom (DOF) motion stage based on Micro Electro Mechanical Systems (MEMS) fabrication methods. To meet the requirements for application to cement-based materials, a single-DOF motion stage is driven by an electro-thermal actuator that is designed to provide a shear stress of up to 60 Pa. The device is small and inexpensive to manufacture and several of them can be used in parallel to test various mixtures of paste at the same time. A vision sensor recognizes a set of predetermined patterns embedded on the motion stages for monitoring their motions. Data were obtained on a prototype by measuring the rheological properties of bentonite.
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Introduction

Satisfactory performance of the concrete used in infrastructure depends on proper placement of, and thus a clear knowledge of, the concrete flow, i.e., workability [1]. The rheology of the cement paste is one of the major controlling factors for ensuring a proper workability of the concrete. The rheological property of the cement paste can widely vary depending on the composition, including the supplementary materials used, the chemical admixtures, and the water content [2]. For the optimization process of the performance of the concrete, multiple tests with different mixtures need to be run, requiring a considerable amount of test materials, at least a few mL level volumes for a test, if using expensive conventional rotational rheometers. Thus a fast and inexpensive measurement method to determine the rheological properties of the cement paste would allow the engineer to optimize the concrete composition [2] faster with a few µL level material used. 
This paper proposes a novel approach to measure the rheological properties of cement paste by developing a new Micro-Electro-Mechanical Systems (MEMS) based micro rheometer. MEMS technologies have several advantages over conventional manufacturing technologies; nano- or micro-meter level resolution and accuracy [3], inexpensive cost through mass production, and small form factor [4]. The motion stage based on these MEMS technologies is mainly used to create shearing between two parallel surfaces [5] of which one is fixed and the other oscillated linearly. This is similar to a parallel plate but there is no rotational motion. 
The design specifications for this MEMS micro-rheometer took into account oscillatory tests from the literature performed with a rotational parallel plate for cementitious paste. It was found that the commonly used frequency is less than 1 Hz [6]. The gap size between the parallel plates ranges from 0.4 mm to 0.6 mm [7]. The expected storage shear modulus ranges from a few hundred Pa to 1.3 MPa [6]. 
The accurate measurement of the displacement of the plates in the rheometer plays an important role in determining the performance of the system. For rheological measurement, the shear stress applied to the specimen and the corresponding shear rate should be monitored at the same time. In this case, most MEMS-based sensors [8] require two additional mechanical structures to measure two properties at the same time and also need separate electric circuit boards for their post-processing. In order to avoid these additional processes and equipment, a vision-based sensor was used to monitor multiple objects at the same time. Hough transform algorithms implemented in OpenCV[footnoteRef:1] [9] were used for the processing of the vision images. [1:  Certain commercial products are identified in this paper to specify the materials used and procedures employed. In no case does such identification imply endorsement or recommendation by the National Institute of Standards and Technology, nor does it indicate that the products are necessarily the best available for the purpose.] 

The novel micro rheometer design consists of a thermal actuator [10], dual stages, folded beams for stage support, circular patterns for visual fiducials [11], and relevant vision software. The actuator and the folded beams are designed to generate displacements larger than 200 µm with more than 100 mN force. The dual stages implement a simple shear rheometer based on the parallel plate geometry [12]. The vision software monitors the response of the test material by measuring the displacement of the detected visual fiducials. The fabricated rheometer was tested with bentonite slurry and the test results are compared with measurements from a conventional rheometer. 
Design of the micro-rheometer

The presented MEMS-based rheometer was designed to implement the parallel plate type rheometer. From various principles for the operation of parallel plate type rheometers, a simple linear shear deformation type was selected and is shown in Fig. 1. The vibrating upper plate applies a shear stress to material located between the two plates. The corresponding reaction of the material specimen is transmitted to the stationary lower plate. By measuring the reaction force at the lower stationary plate, the viscoelastic properties of the material specimen can be calculated based on the mathematical expressions given below. 

The displacement of the vibrating upper plate can be expressed with complex notation as:
                                    ,                                                         (1)
where x0 is the amplitude of the displacement of the vibrating upper plate, i is the imaginary number (), ω is the angular frequency, and t is time. Assuming the presented system is a single degree-of-freedom system and consists of a mass, a spring, and a damper, the motion of the presented system can be represented [13] as:
                                  ,                                 (2)
where m is mass, c is damping, k is the stiffness of the system, and F* is the resulting shear force in complex notation. When the system is in steady state, a sinusoidal vibration of the upper plate results in a harmonic shear force at the stationary lower plate. This force would have the same frequency with the vibrating plate but have a phase shift. This can be expressed [14] as:
                                      ,                                               (3)
where F0 is the amplitude, and is a phase shift. With the above equations, in this case, the shear strain rate can be defined [14] for small deformations, as:
                                      ,                                                 (4)
where d is the physical gap between the two parallel plates as shown in Fig. 1, and x0 should be far smaller than the gap d. The shear stress is also defined as:
                                   ,                                                                  (5)
where A is the contact area indicated in Fig. 1. The relationships from Eq. (4) and Eq. (5) provide the properties of the viscoelastic materials.
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Figure 1: The parallel plates type rheometer

Most MEMS fabrication technologies are limited to monolithic or planar designs and MEMS devices are too small to handle without additional manipulators. Due to these limitations, the presented MEMS-based micro rheometer adapts the dual stage design illustrated in Fig. 2(a). The dual stage is composed of two plates: one inner plate and one outer plate. In this case, the outer stage replaces the vibrating plate and the inner stage works as the stationary plate in Fig. 1. A test specimen was placed between the inner plate and an external fixed plate. With this approach, the fabrication and handling of the presented micro rheometer becomes simple. The implementation of the conceptual design in Fig. 2(a) is described in Fig. 2(b). A thermal actuator was connected to the outer plate in order to generate oscillations that apply shear pressure to the test material specimen. The dual stages are designed by embedding one stage into the other. All movable components are supported by the folded beams to be flexible along its intended motion. The corresponding reaction force through the test specimen will move the inner plate. By measuring the displacement of the inner stage, the force transferred through the test specimen is measurable. With the force data and the vibration motion data collected at a certain vibration period, the viscoelastic material properties of a material specimen can be measured.
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	(a)
	(b)


Figure 2: The implementation of the parallel plates type rheometer in MEMS; (a) the conceptual design; (b) the expected implementation of the design in (a)

Analysis of the micro rheometer

The folded beam
A folded beam supports both the inner and the outer plates and is shown in Fig. 2(b). With the analytic equation from Wong et al [15], the calculated stiffness of the inner plate is expected to be 18.5 N/m. The result from finite element analysis (FEA) modeling described in the next section is 18.4 N/m, which indicates the difference between them is less than 0.6 %
The thermal actuator
The bent-beam type thermal actuator used in the presented rheometer was also optimized to generate a motion longer than 200 µm and a shear pressure larger than tens of Pa level for larger shear rate. Based on its bent geometry, the stiffness of the actuator Kact is expected to be 1648.5 N/m [16]. The force generated by the actuator Fact is also deduced from a beam theory [4] and expected to reach up to 314.2 mN.
The vision-based displacement sensor
The vision-based sensor was utilized to measure the displacements of the inner and the outer plates at the same time. This sensor detects predetermined patterns, or visual fiducials, embedded on MEMS objects through a microscope. The visual fiducials used in this paper are pure circles in rectangular backgrounds. The main components of the presented micro rheometer do not contain any circular or curved shapes, so the circular shape can reduce faulty or wrong recognition. By using circles with different radii, the radius of the detected circular pattern can be used to identify each detected target. At least one visual fiducial is embedded on the outer and the inner stages. The vision software is based on the Circular Hough transform algorithm [11] and OpenCV [17] library.
Finite element analysis (FEA) 
Finite element analysis (FEA) [18] is utilized to characterize the presented rheometer and verify the analytic relationship described in the previous section. In the whole simulation, both ends of the actuator and four ends of the folded beams are assumed to be firmly fixed and are connected to a thermal reservoir at room temperature of 20 for thermal and structural analyses. 
The stiffness of the folded beam is calculated in FEA by applying a force of 1 N along the motion direction of the actuator to the middle of the inner stage and measuring the corresponding mechanical displacement. This displacement is 54.3 nm over the whole inner plate. This result implies that the stiffness of the inner stage is 18.394 N/m.
Table I: The design parameters of the micro rheometer
	Component
	Symbol
	Design parameter
	Dimensions

	Actuator beam
	W
	Width
	70 μm

	
	
	Angle
	1 º

	
	L
	Length
	6500  μm

	
	T
	Thickness
	100 μm

	
	n
	Number of beams
	14

	Folded beam
	Lspring
	Link length
	3300 μm

	
	Ls
	Short link length
	570 μm

	
	Wspring
	Link width
	35 μm

	
	Ws
	Neck length
	300 μm

	The inner plate
	Lp
	Length 
	9700 μm

	
	Wp
	Width
	7800 μm



The expected maximum displacement of the micro rheometer is also calculated. This simulation is the response to the thermal excitation due to a temperature rise from 20 ºC to 550 ºC at the center of the thermal actuator. This is because, based on existing studies [19], 550 ˚C is the maximum endurable temperature limit of silicon. Based on this limit, the micro rheometer is expected to generate a displacement of up to 265 µm without any permanent damage. This simulation is based on thermal conduction only, so the real device may generate larger displacements than this due to other factors like thermal convection. 
While the presented device generates a motion of 265 µm, the corresponding maximum von Mises stress reaches up to 210.9 MPa. Considering that the yield strength of silicon is 7 GPa, there is no mechanical failure expected from the motion generated by the temperature rise of 550 ºC.   

Micro-fabrication

The MEMS-based fabrication process for the presented system was based on the Silicon-On-Insulator Multi-User Multi-Processes (SOIMUMPs) [20]. The starting wafer for this system is a Silicon-On-Insulator (SOI) that is composed of a device layer of 100 μm thick, a handle layer of 500 μm thick, and an insulation layer of 2 μm thick between in between. The fabrication process consists of one metal deposition and two etchings. The metal deposition forms the metal pads for connecting the thermal actuator to the electric power and the visual fiducials for the vision software to monitor the motion of the inner and the outer plates. The first etching process generates the frontal structures including the actuator and the dual stages, and the second etching builds the supporting frames on the SOI wafer handling layer. These etching processes use a deep reactive ion etching (DRIE) [21] process. 
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[bookmark: _Toc393803691][bookmark: _Toc393803692]Figure 3: the microscopic images of a fabricated micro rheometer; (a) the frontal full view, (b) the backside view. 
The fabricated micro rheometer is shown in Fig. 3; the shiny yellow areas in Fig. 3(a) are electric pads for the actuator and the visual fiducials for the vision software. A test specimen is placed between the micro rheometer inner plate and a transparent glass slide forming a fixed substrate as shown in Fig. 3(b).
Experimental results
The performance of the presented micro rheometer was experimentally tested and characterized. A direct current (DC) power supply unit (Agilent1 Model 3322A1) was utilized to control the actuator. The visual fiducials on the micro rheometer were monitored with a PointGrey Universal Serial Bus (USB) 3.0 type Grasshopper31 camera through an optical microscope with a magnification ratio from 2:1 to 3:1. The camera recorded the motion of the micro rheometer during the experiment and then the vision software analyzed the captured images. 
Figure 4(a) shows the visual fiducials embedded on the micro rheometer: the circular shapes inside a rectangular background. Once the vision software detects a visual fiducial, it returns the 2D position information of the detected circle and its radius. The detected radius information is plotted in Fig. 4(b); three circles with a radius of 100 µm, 150 µm, and 200 µm are well recognized without considerable noise. The radius information is utilized to identify the inner and the outer plates. Based on these results, the 2D position information is classified for the inner and the outer plates and plotted in Fig. 4(c) for 10 s. Figure 4(c) shows that three visual fiducials are correctly monitored and identified for subsequent data analysis. 
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Figure 4: Detection of the visual fiducials: (a) the three circular patterns with rectangular backgrounds (the left one is on the inner stage, the middle one is on the outer stage, and the right one is on an outside fixture); (b) the detected radii of the patterns in (a); (c) the motion measured with the patterns in (a);

The presented micro rheometer was tested with a material test specimen: bentonite [22]. A bentonite sample with the volume of 10 µL is placed between the inner plate and an external fixed substrate. After connecting electric power to the actuator, the rheological properties of the bentonite are measured by actuating the outer plate. 
The mechanical responses of the outer and the inner stages are monitored for 10 s and plotted in Fig. 5; the displacements of the inner and the outer plates are shown in red and blue lines, respectively. Figure 5 shows the amplitude difference and phase shift between the two plates. Preliminary analysis indicates that the maximum shear stress is about 40 Pa for the shear rate of about 1 s-1.  Tests with the same material and a rotational parallel plate rheometer have measured a shear stress of approximately 35 Pa at the same shear rate. This comparison shows that the presented micro rheometer has the potential to measure the viscoelastic properties of paste-like materials. 
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	[bookmark: _Toc393803693][bookmark: _Toc388367608][bookmark: _Toc357756625]Figure 5: The measured displacements of the outer plate and the inner plate in the presented micro rheometer with a volume of 10 L bentonite



[bookmark: _Toc393803775]Summary

The design, analysis, and fabrication of a MEMS-based micro rheometer have been presented for bentonite rheological measurements. In order to implement a simple shear type rheometer in MEMS, the dual stage planar micro positioner design is adapted. The dual stage is composed of one outer plate and one inner plate. The outer plate applies shear pressure to a material specimen as a vibrating plate, and the inner stage measures the force transmitted through the material specimen with respect to a stationary plate. The motions of the two plates are monitored with circular visual fiducials and a vision system with software capable to extract the desired rheological parameters.
The presented micro rheometer achieves a displacement of 300 µm for a shear rate of 1 s-1 to 3 s-1. This micro rheometer is expected to generate a force larger than 300 mN. The rheological properties of bentonite were measured with the presented micro rheometer. The relationship between the shear stress and the shear rate generated by the micro rheometer shows similar values with those from a commercial rheometer and the relationship between viscosity and the shear rate shows a linear relationship on logarithm scale. These comparisons imply that the presented micro rheometer has a potential to provide performance similar to conventional rheometers.
The presented micro rheometer has micro-meter level resolution and needs only a few micro liter level volumes for the each test. However, the deformation on this instrument is small and not designed to simulate placement of concrete. Instead, the proposed device could be used to rapidly optimize paste composition, i.e.,  High Range Water Reducer Admixtures (HRWRA) or chemical admixtures dosage, incompatibility, influence of supplementary cementation materials. Also, multiple tests (5 to 10 samples) could be performed simultaneously in a disposable rheometer (no cleaning necessary.
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