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ABSTRACT

In the field of tissue engineering, mechanical cell stimulators are widely used to simulate
forces in natural body environments, or to accelerate the growth of tissue. Simulation of the
natural body environment, in vitro, enables researchers to understand the effect of different
disturbance on cells, independently. For tissue such as the cartilage, which grows relatively slow
in a mature natural body environment, a cell stimulator can be used to speed up the growth of
tissue. This paper presents a novel design of cell mechanical stimulator which is able to provide
mobility of four. The stimulator was fabricated from polymethyl-methacrylate (PMMA) thin
plates using advanced micromilling material-removal process with an accuracy of +3 pm and a
surface roughness of 120 nm. The kinematic model of the stimulator is developed and
corresponding performance is simulated.

INTRODUCTION

Although tissue engineering of articular cartilage is a promising approach for cartilage
repair, it has been difficult to develop cartilaginous tissue in vitro that mimics the properties of
native cartilage. Isolated hondrocytes grown in culture typically do not accumulate enough
extracellular matrix, and the generated tissue possesses only a fraction of the mechanical
properties of native cartilage. One potential explanation for this might be that the cells are grown
in an environment that lacks the mechanical stimuli to which the chondrocytes are exposed in
vivo [1, 2], and corresponding investigations regarding mechanical stimuli of cell have been
conducted extensively.

The state-of-the-art mechanical cell stimulators have several popular types: hydrostatic
pressurization, longitudinal stretching, substrate bending, fluid shearing, etc. Hydrostatic
pressurization [3, 4], including negative (vacuum) or positive pressurization [5], compressive
loading system [6], use a moving plate to compress the tissue on contact (Table 1a), and later use
direct platen abutment [7 -9] (Table 1b). However, many types of tissue of interest experience in
vivo stress states that depart very substantially from purely hydrostatic pressure and in
experiments, using direct platen abutment, the parameters of the mechanical stimulus itself have
not usually been quantified [10]. Longitudinal stretch systems [11 -14] utilize controlled uniaxial
distention of deformable substrates on which cell sheets grow to deliver the mechanical stimuli
(Table 1c). Due to the Poisson effect, grip end effect and geometric irregularity substrate, etc.,
such systems inevitably introduce undesired heterogeneous local strains. Substrate bending
systems [15—16] use substrate flexure to provide an alternative means for delivering longitudinal
strains to a culture surface (Table 1d). Fluid shear systems apply fluid shear stress to cell culture
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using two popular approaches: cone and plate flow chamber (Table 1e) and parallel plate flow
chamber (Table 1f). The shear stresses are controlled by angular velocity and pressure gradient,
respectively.

Table 1: Schematic diagrams of several state-of-the-art mechanical stimulators [10].
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Most state of the art stimulators are limited to providing uniaxial tension, compression, or
2D in plane stretching for a monolayer. The stimuli from such stimulators are too simple
compared to the actual complexity of the cell grow environment in human body. The proposed
cell stimulator with at least 4 D.O.F is able to provide versatile stimuli.

Flexible substrates, working as compliant mechanisms, are widely used in the existing
cell stimulation. Compared to rigid-body mechanisms, compliant mechanisms require
considerably less number of components. The reduction in part numbers leads to simple
manufacturing and reduced manufacturing and assembly time and cost. Furthermore, compliant
mechanisms also have a smaller number of movable joints (surface contact joints), such as pin
and sliding joints. This results in reduced wear and need for lubrication. Assembly-free or
reducing the total number of parts and joints offered by compliant mechanisms is a significant
advantage in the fabrication of miniaturized mechanisms.

DESIGN OF THE COMPLIANT STIMULATOR

The proposed stimulator is a compliant mechanism consisting of eight rigid links, labeled from 1
to 8 (see Fig. 1), forming a symmetrical loop. There are eight flexible joints connecting two
adjacent loop links. Four rigid links (link 9 — link 12) are attached to four of the joints from
outside of the loop, and used as driving links. Inside of the loop, there are also four rigid links
(link 13 — link 16) attached to another four flexible joints and used as driven links with
stimulating pads which will be coated with a biological layer to sustain cells. At this particular
stage, the motions of the pads are desired to be linear only. When two facing pads are paired up,
they can generate compressive or tensile stimuli of a certain pattern. The flexible joints are
formed by removal of material in the conjunction areas, which introduces notches resulting in
reduced stiffness. Figures 1b and ¢ show the close-up of the joints with different notch layouts.



a) Top view of the stimulator’s driving mechanism

¢) Close-up of driven joint
Figure 1. The 2D layout of the stimulator’s driving mechanism.

A guide shell is developed in order to constrain the motion of the stimulating pads. The 2D
layout of the guiding shell is illustrated (see Fig. 2a). There are four pieces of structural walls
separated by four trenches/gaps of the same width as the driven links with tolerance of 50um.
The shell walls are located in side the loop and the four stimulating links fit into the four gaps of
the walls forming four sliding joints. The central cube in the guiding shell (see Fig. 2b) is to fit
into the central cube space of the stimulator (see Fig. 2¢) during the biological coating process.
After that, the central cube will be removed, and a cell unit will fill the empty central space and
attach the surfaces of the stimulating pads.
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a) Top view of guiding shell  b) 3D view of guiding shell ¢) 3D view of stimulator

Figure 2. The layout of the stimulating mechanism and its guiding shell.



FABRICATION

The micromilling material-removal process is a scaled-down analog of the conventional milling
machining process using direct drive spindles with a high rotational speed of up to 200,000 rpm,
high travel speed of up to 500 mm/s, and small micromills with a diameter of as small as 25 pm.
The scaling-down effect brings significant advantages of the conventional milling process into
high-precision microfabrication with respect to other micromachining technologies, e.g. laser
micromachining. However, it also introduces new challenges associated with tool handling,
alignment, chip removal, process-parameter optimization and process-planning. The stimulator
was fabricated from polymethyl-methacrylate (PMMA) thin plates with a thickness of 3mm and
1 mm using the micromill with a diameter of 350 pm shown in Fig. 3. Use of high-precision
motion stages with positional accuracy of 0.5 um in a combination with high cutting speed of 4
m/s allowed fabrication of the functional stimulator prototype with an accuracy of £3 pm and a
machined surface roughness of 120 nm as shown in Figure 4. Figure 5a illustrates a prototype of
the stimulating mechanism and Fig. 5b shows the assembly of the stimulating mechanism and its
guiding shell.
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Figure 4. Machined PMMA surface roughness.
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a) the prototype of the stimu]ating mechanism b) the assembly of the stimulating mechanism
and its guiding shell
Figure 5. Photograph of the prototype



KINEMATIC MODELLING AND SIMULATION

The thickness of the structure is a uniform 5 mm, which is 2.5 times the width of the rigid links.
Therefore, the out-of-plane stiffness of the structure is relatively higher than the one in-plane.
The driving force is in-plane; consequently, the structure kinematic model is reasonably treated
as a planar mechanism. Since the flexible joints, formed with notches, allow relative rotations
much easier than other motions, the flexible joints are modeled as rotary joints. The stimulating
links are guided by the guiding wall and can only translate along one direction; therefore, sliding
joints are used as their kinematic constraints. The kinematic model is in Fig. 6. The mechanism
has 17 links (including a frame), and it has eight doubled rotary joints and four sliding joints.
According to Gruebler's equation, the mobility of the mechanism can be calculated:

m=3n-1)-2I[ (1)
where 7 is the number of the links, and / is the number of lower pairs. Substituting n =17 and / =
20 into equation (1), the mobility of the mechanism is calculated as 8. Obviously, each of the
four driving links (link9-link12) has a local mobility which allows it to rotate around the
corresponding rotary joint. There are four actuators that are used to drive the stimulating
mechanisms described briefly elsewhere [18]. The actuators provide only translational motions
to the driving links. Figure 6 illustrates an arbitrary configuration of the stimulator by solid lines,
and original position of the stimulator by dashed lines.
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Figure 6. Kinematic model of the stimulator.

The coordinate system is established as shown in Fig. 6. The origin O of the coordinate system is
the original centre of the stimulator. The symbols A-H represent the eight rotary joints on the
stimulator, and I, J, K, M represent the four joints connecting driving links and corresponding
actuators. Due to the restriction of the actuators, I & K can only move in horizontal direction,



and J & M can only move in vertical direction. The length of the links (1 to 8) is identical, and
denoted by /. The original distance from the center O to the center of the rotary joints A-H, is

denoted by ry ( =1I-sin67.5°/sin45° from geometry); the output displacements of the

stimulating pad are »; (i =1 to 4). The pads provide either compression or extension to the tissue
cube. According to common designation rules of mechanics, compressive stress is negative and
tensile stress is positive, therefore, the output displacement is negative the pad compress the
tissue cube, otherwise, it is positive; the input displacement of the actuators are denoted by d,, (i
=1, to 4). Due to the symmetric geometry of the device, an input displacement can be identified
by the geometry of two adjacent output displacements. Therefore, one quarter of the device is
sufficient to find out the kinematic relations between input and output displacements. In Fig. 6,
HH’ (=ry) and FF’ (=r;) represent the output motions of the stimulating pads 4 and 3
respectively, where MM’ (=d,) is the input displacement of actuator 4. O, H, G, F, and M are the

original positions of the joints and iOGi :iOHi =|OF| =7,, GHi :iGFi =1, GMi =1[,. The new

positions of the joints are O’, H’, G’, F’, and M’. Theoretically speaking, there will be two
solutions for the inverse kinematic relation between input and output displacement. However, for
this case, the displacement is relatively small, the solution closer to original configuration is the
suitable one, therefore, the following process of deriving the inverse kinematic relation between

input and output relation will be focused on the suitable solution.
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Figure 7. The geometry of one quarter of the mechanism under an input displacement.

The input displacement d; can be represented by MM', which is equal to y,. -y, . The
coordinate of M is:
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The coordinate of M’ can be represented by the coordinates of G’:
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The coordinate of the G’ are found as follows:
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After eliminate The inverse kinematic relationship can be written as follows:
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Similarly, the inverse kinematic relation between other input and output displacements are
determined as follows
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According to the inverse kinematic relation of input and output displacements identified as
above, the required displacements from the actuators in order to generate a specific pattern of
stimuli can be predicted. Figure 8 illustrates simulated three patterns of stimuli and
corresponding actuations that required to generate such stimuli using / = 6 mm, /;= 3 mm.
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Fig. 8. Simulation of stimuli of given specific patterns and required actuator motions.

Figure 8a is the stimuli of the four pads (r; and 73, > and r,) move in-phase and with the same
magnitude. The actuations that required generating such stimuli are given in Fig. 8b. Figures 8a
and b say that the driving actuators should follow: d; = - ds, and d; = - d4. The magnitudes of the
input and output displacements are at the similar level. Figures 8c and 8d show that when the
pads provide out-of-phase stimuli, the input displacements have been amplified by the
mechanism by approximately 10x. When the pads stimulate cells with different frequencies, the
required actuations are even more complicated as demonstrated by Fig. 8e and 8f.

CONCLUSIONS




In this paper, a novel cell stimulator has been designed, and fabricated using high precision
micromilling technology. A kinematic model has been developed for the stimulator with
mobility of eight, including four local ones. The inverse kinematic solution for the stimulator
based on the model developed has been obtained, and example has been provided to demonstrate
the relationship of the desired stimuli and required actuation from the four actuators. Based on
this work, future dynamic performance and control strategies will be investigated.
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