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Abstract

This study investigates the design of prismatic bearings using compliant mechanisms. These
devices provide a single translational degree of freedom along a cylindrical axis. Variations of
four different designs utilized wire, slit, and blade flexures arranged in series and parallel. Range
of motion was evaluated for each design using static displacement simulations in Solidworks
Simulation. The corresponding results indicate that a system consisting of a series of nested
blade flexure stages axisymmetrically arranged achieves the greatest range of motion. Other
designs offer different benefits at the cost of range. Further investigation of new design
variations may yield potential performance improvements.

Introduction

Bearings and fasteners play a large role in the way mechanisms are designed and built. In a
world that is quickly moving towards more and more mechanical automation, thanks to the
growing robotic [1] and rapid layered manufacturing [2] industries, demand for more
customization in mechanism design is bound to increase. This means that ‘one-size-fits-all’
solutions will likely see a decrease in popularity, at least in fields of engineering such as
industrial experimentation, startups, and academic research. As shown by the rapid growth of
companies such as Czinger [3], Relativity Space [4], and Harvest Automation [5], which directly
take advantage of cutting-edge, highly customized technologies, innovation is commonly paired
with a high level of customization. In many cases, this is made complicated (or even impossible)
through standardized connectors such as bearings.

For designs where performance and precision are of utmost importance, ‘standard’ bearings and
connectors generally do not suffice, and the alternative solutions are to either outsource
‘performance parts’, as many Formula 1 racing teams do [6], or to build bespoke parts in-house.
The focus of this report is on the latter strategy, and, more specifically, the making of prismatic
bearings that allow for translation in a specific direction with a set range of motion.

Oftentimes, as shown by companies like Airbus [7], the best alternative when it comes to design
optimization is to replace assemblies with one-part counterparts, so that design requirements can
be more finely tuned for a specific problem. With regards to the making of prismatic bearings,
the goal of this study is to showcase various methods to achieve fixed-range translating motion
using compliant mechanisms that replace the traditional means of making things move in a
straight line.



The introduction of compliant mechanisms over the past two decades has been a game changer
in the field of precision engineering, as they are immune (in theory) to issues such as wear,
friction, and clearance. They have demonstrated usage in a host of applications including Soft
Robotics [8] and even the thermal characterization of a skin where compliance of the actuator
was able to adapt to the compliance of human skin [9].

With relation to compliant mechanisms, a host of researchers have designed various mechanisms
with the objective of generating multiple translations using flexures. For instance, a compliant
positioning mechanism for a piezoelectric actuator has a compound decoupling guide mechanism
which results in a cross axis coupling ratio below 0.6% and a positioning resolution of 10 nm
[10]. Compliant mechanisms were also used to produce 3 directional translational motion [11],
large range XY translational motion with enhanced out of plane stiffness[12], 3PUU(Prismatic
Universal Universal) micromanipulators for nanomanipulation [13] with a specified travel range
for high payload capacity[14], and flexure based joint chains for two translations[15].

With regards to the task of achieving a single translating motion, though, there is a lot of prior
literature.

The work of J. Wang et al. with regards to designing a vibrating module for laser machining [16]
led to a design that uses curved blade flexures arranged in a cylinder to produce motion along the
axis of the cylinder, as shown in Figure 1.

Figure 1. Design for a module in laser machining that employs compliance [16].

Work by M. Tellaria [17] [18] led to the formulation of a design paradigm specifically targeted to
the design of cylindrical flexures, which led to many successful designs, such as the one shown
in Figure 2, which can achieve planar translation and rotation.



Figure 2. Cylindrical flexure capable of planar translation and rotation (X,Y,Θz) [17].

Work by L. Howell et al. [19][20][21] led to the formulation of designs that take advantage of
serial blade flexures in double shear to obtain translating motion from a flat sheet, as shown in
Figure 3.

Figure 3. Translating flexure obtained using pseudo-rigid model[19,20].

A manipulator designed by T.J. Teo et al. [22] is made out of three parallel compliant
mechanisms able to achieve translation to control the orientation of a connected platform, as
shown in Figure 4.



Figure 4. Compliant prismatic modules used in movable platform design [22].

By creating compliant versions of known n-bar linkages able to synthesize translation, Pavlovic
and Pavlovic [23] have recreated planar guides such as the one presented in Figure 5.

Figure 5. Translating mechanism obtained by replacing revolutes in parallel mechanism with
notch flexures [23].

Work by B. P. Trease on large displacement compliant joints [24] includes a single translation
design, shown in Figure 6, that can be used both in parallel and in series for different outcomes.



Figure 6. Translating flexure system designed for high displacement [24].

When compiling a literature survey of the FACT design approach, Machekposhti et al. [25]
include a list of feasible designs for simple translating motion, presented in Figure 7.

Figure 7. List of flexure designs capable of translating motion obtained from FACT library [25].



2. Materials and Methods

Overview: In this study, four designs were analyzed: diaphragm, symmetric, axisymmetric, and
parallel. Each design achieves one translational degree of freedom via at least two parallel
constraint planes separated by some nonzero distance.

2.a. Diaphragm

The three diaphragm designs studied in this project all revolve around the concept of using
flexures that lie on the same plane to achieve perpendicular translation. Thanks to this
configuration, they can be manufactured into circular diaphragms and strategically placed along
a given prismatic joint to constrain motion. Due to their planar nature, these flexures have a
somewhat limited range of motion, but they are versatile (in terms of installation into existing
assemblies) due to their simplicity.

Figure 8 shows the three designs studied here. The first one, the wire diaphragm design, uses ten
wire flexures, located in such a way that they are all tangent to a common circumference, to form
a 3 degrees-of-freedom mechanism that is overconstrained by 7. The second one, the curved
blade diaphragm design, replaces the wire flexures with curved blades while retaining the same 3
degrees of freedom. (Curved blades are stronger than thin wire flexures while still retaining the
same motion.) The third and last design, the slit series design, consists of a serial element with
four C-shaped slits that allow for the structure to deform, similar to a kirigami pyramid structure
[https://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.69.20200112].

Figure 8. Diaphragm design using (left) wire flexures, (middle) curved blade flexures, and
(right) slits.

All designs allow for the motion of the center circle relative to the outer disk, with a translation
perpendicular to the diaphragm plane. Rotations are also present, but since at least two
diaphragms are used to construct the prismatic bearing, these other motions are constrained in
the final assembly.

https://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.69.20200112


2.b. Axisymmetric

Axisymmetric designs take advantage of repeated serial flexure limbs located on a cylindrical
shell of constant width, as shown in figure 9. A ground is connected to a stage through a series of
curved horizontal blade flexures and intermediate stages. To obtain a full 360° cylinder, these
modules are axisymmetrically repeated.

Figure 9. Single flexure sector used in axisymmetric design.

Three design parameters can be changed in the axisymmetric design: number of flexures, number
of sectors, and number of nestings.

Number of flexures refers to the number of parallel curved blade flexures between each rigid
body. Figure 10 shows how two components in the flexure system can be connected by a
different number of blades. More blades will increase the stiffness of the structure without
changing the range.

Figure 10. Axisymmetric design with (left) one flexure and (right) three flexures.



Number of sectors refers to the number of times the section presented in Figure 9 is used to
‘fill’ 360°. Figure 11 showcases designs with differing numbers of sectors. If two sectors are
desired, for example, each will measure 180°, while if five are desired, each will be 72°.
Increasing the number of sectors improves the structural rigidity of the cylindrical ground.
However, this also decreases the overall range because the arc length of each flexure decreases.
Figure 11 illustrates how increasing the number of sectors increases the number of vertical
beams connecting the top and bottom ground bodies while also drastically decreasing the flexure
arc length.

Figure 11. Axisymmetric design with (left) two sectors and (right) three sectors.

Number of nestings describes the number of flexures and stages in series. Flexures with
differing numbers of nestings are shown in Figure 12, where the design on the left is only nested
one time, while the one on the right is nested six times. It should be noted that the overall height
of the cylinders does not necessarily depend on the number of nestings, and that it is also
affected by the r value for the blades, as presented in the simulation section.



Figure 12. Axisymmetric sector with (left) three nestings and (right) six nestings.

2.c. Symmetric

Working similarly to the axisymmetric design, the symmetric design takes advantage of the same
serial arrangement of curved blade flexures, but uses a different scheme to combine them and
‘fill the cylinder’. While the former repeats the limbs, the latter mirrors them, producing a
structure with twice as many symmetry planes. For example, Figure 13 illustrates half of one
symmetric sector with three nestings for the 3 sector symmetric design. To ‘fill the cylinder’,
this half-sector was mirrored vertically, copied three times axisymmetrically, and then mirrored
horizontally.

Figure 13. (first) Half  sector, (second) symmetric sector, (third) three repeated sectors, (fourth)
full cylinder.

Similar to axisymmetric, the variable design parameters for this scheme include number of
nestings, number of flexures, and number of sectors. Given the similarity of the axisymmetric
and symmetric designs, only a variable number of symmetric sectors was investigated. Figure 14
shows a symmetric design with two and five sector.



Figure 14. Symmetric design with (left) Two and (right) five sectors.

2.d. Parallel

Unlike the axisymmetric and symmetric designs, the parallel design does not contain
intermediate bodies. Figure 15 shows one sector of the first parallel design which consisted of
five horizontal blade flexures connecting the ground and stage. Three identical sectors were
arranged axisymmetrically to form the final design. This parallel design utilizes the same
working principles as the previous serial designs albeit with less range due to the lack of serial
nestings. Consequently, it has similar design parameters, namely variable number of sectors and
flexures. Changing these parameters would result in similar design variations.

Figure 15. (left) One sector and (right) full assembly of the first parallel design.



Figure 16 illustrates one sector of the second parallel design. Unlike the first design, two serial
blade flexure elements consisting of one vertical and one oblique blade flexure are arranged in
parallel between the ground and stage. In this case, each serial blade flexure acts as a single pure
force constraint located at the vertex of each serial element oriented along its seam. The final
design shown in Figure 16 possesses two horizontal constraint planes each having three
constraint lines that don’t all intersect at the same point. As a result, a vertical translation was the
only permissible motion.

Figure 16. (left) One sector, (middle) full assembly, and (right) constraint space  of the parallel
design.

Although no variations of the second parallel design were investigated, there are many
parameters that may be changed to generate new models. For any given number of sectors,
changing the flexure lengths in each serial element will result in change of stiffness and range.
The gaps between the vertices of each serial element and the ground and stage can then be
changed accordingly in order to prevent yielding.



3. Simulations

All simulations were conducted using Solidworks Simulation Tool. Material properties of 20%
infill PLA [26-29] were used for the simulations.

3.a. Diaphragm Optimization

To begin, we chose in-plane symmetric diaphragm designs, which eliminate the possibility of
in-plane movement of the system. We performed shape optimization on the diaphragm design to
ensure maximum displacement along the z-axis. The optimization set-up is shown in Figure 17.
Parameters r1 and r2 describe the distances between the two-middle c-shaped slits, and are
varied as the innermost and outermost slits are kept in the same position to ensure the diaphragm
is properly mated to the rest of the assembly.

Figure 17. Shape optimization of serial-slit diaphragm design (left). A quarter-symmetric serial
design with optimization parameters r1 and r2 (right).

Along with optimization study, a finite element analysis is also conducted to figure out the
optimal displacement-to-stress ratio. In this study, a point load is applied at the center of the
diaphragm design which is kept fixed along the periphery. The diaphragm design along with
boundary conditions are shown in Figure 18.



Figure 18. Forces (purple) and constraints (green) used in diaphragm topology optimization.

3.b. Axisymmetric, Symmetric, and Parallel Optimization

For the serial and parallel blade flexure designs, a static displacement simulation was performed
to determine total range, R. Figure 19 shows the simulation setups consisting of fixtures applied
to the ground elements and prescribed vertical displacements applied to various platforms. For a
single blade flexure, the displacement was applied to a horizontal surface to prevent any rotation
of the stage. For the symmetric and axisymmetric designs, the central shaft was displaced.
Contacts between the central shaft and the stages were set as perfect bonds. The stage of the
parallel designs was directly displaced.



Figure 19. Simulation setups for the (top left) single flexure, (top right) symmetric, (bottom left)
axisymmetric, and (bottom middle/right) parallel designs.

Once set up, each system underwent the same test procedures. First, a coarse mesh was generated
with the smallest element dimension equalling half the flexure thickness. The mesh was then
refined in a series of h-adaptive iterations. In this automated process, von mises stress
distribution results were used to refine the mesh in areas of high stress and coarsen the mesh in
areas of low stress. Mesh refinement was then repeated until a refined mesh with 98%
confidence was achieved. Figure 20 illustrates one of the final mesh distributions achieved using



h-adaptive mesh refinement. Lastly, the displacement magnitude was adjusted until the
maximum von mises stress was equal to 80% of the yield strength.

Figure 20. An example of h-adaptive mesh refinement result.

3.c. Blade Flexures Radius

Since perfect corners produce an infinite stress concentration factor, the mesh refinement process
resulted in an endless loop. This was remedied by adding a fillet with a nonzero radius to all
corners formed by blade flexures. Figure 21 illustrates the relationship between normalized range
of motion and fillet radius for a 1mm thick blade flexure. Displacement simulations were
performed on the single flexure model with a fillet radius ranging from 0.1mm to 2mm. A 1mm
fillet radius was chosen due to the rapidly diminishing increase in range with increasing fillet
radius.



Figure 21. Single flexure range as a function of fillet radius.

4. Results and Conclusion

4.a. Diaphragm

The result from the optimization study done on serial-slit-design confirms that the
serial-slit-design having minimum achievable width for the outermost nesting provides optimal
result. In other words, optimal diaphragm design is obtained when parameters r1 and r2 are
maximized. The optimized serial-slit design is shown in Figure 22.



Figure 22. Optimized series slit diaphragm design

Results of the finite element study done on the slit series diaphragm design are presented in
Figure 23, where maximum stress, maximum displacement, and the ratio between them, as a
measure of performance, are presented for each combination of r1 and r2 within a set design
space. For each plot, a red X is used to mark the most ‘optimal’ design, according to the ratio
performance metric.

As it can be seen, the highest displacement to stress ratio is obtained if both r1 and r2 are
maximized. This is a somewhat obvious result, since it confirms that deflection is maximized by
minimizing the cross sectional area of each intermediate component of the flexure.



Figure 23. Plots of maximum internal stress (top left), maximum displacement (top right), and
ratio between them (bottom) from topology optimization.

Given the fact that the optimization study led to the conclusion that displacement would be
maximized by minimizing width, in order to propagate this effect, the design was modified to
include an additional slit, raising the number from four to five, such that the distance between
them would be minimized to 5.1  mm, as shown in Figure 24.



Figure 24. Modified series slit diaphragm design after topology optimization study.

For all diaphragm designs, snap fit connections were added to connect them to an outer
cylindrical ‘ground’ and an inner ‘stage’. The snap fit connection consisted of holes that were
placed on the ‘ground’ and ‘stage’ and knobs on the diaphragm. The clearance between the holes
and knobs were designed to be 0.1mm, considering the precision of the 3D printer used: Prusa i3
MK3S+ (Prusa) with PLA filament. Specifically, diameters of holes on the ‘ground’ and ‘stage’
were designed to be 4.5mm and 15mm, respectively. Additionally, chamfers were added on the
top of each holes and knobs to facilitate assembling the parts. Angle and depth of the chamfers
on the holes were set to 60o and 0.5mm, respectively. Counterparts on the knobs were in 60o and
1mm. For the ground, a mesh was created to aid the view of the motion of the inner stage. The
final designs were  3D-printed using Prusa, and each design is shown in Figure 25.

Figure 25. Printed designs for each diaphragm type.



4.b. Axisymmetric

Figure 26 shows the single flexure range r and total range R as a function of number of nestings
N, as well as the predicted total range based on single flexure range (N ⨉ r). All curves intersect
at N = 1 since a system with one nesting has the same range as a single flexure. Similarly, both
simulated and predicted total range approach zero as the flexure range decreases to zero at N =
13. The single flexure and full assembly simulations predict a maximum total range of 40.0 mm
and 38.2 mm, respectively.

The disagreement between single flexure and full assembly simulations can be attributed to the
difference in mesh quality between the two models. The single flexure simulations achieved a
finer mesh since the single flexure model is smaller than the full assembly. As N increases, the
size of the full assembly increases, leading to a coarser mesh relative to the model size. As a
result, the range discrepancy between single flexure and full assembly results to increase with
increasing N, as shown in Figure 26.

Figure 26. Single flexure range r and total range R as a function of number of nestings N. The
total range agrees with the predicted range based on single flexure simulations (N ⨉ r).

The axisymmetric design with 3 nestings (N = 3) was selected to be printed. In the final design,
the outer cylinder consisting of the “ground” and the nestings was printed as a separate part,
while the central shaft with extrusions was printed as another. Same Prusa with PLA setting in
the diaphragm manufacture was used here. The central shaft was subsequently glued to the



center nesting (or the “stage”) with Gorilla Super Glue Gel 20g. Figure 27 shows the printed and
manufactured axisymmetric design.

Figure 27. Printed axisymmetric design.

4.c. Symmetric

The symmetric design with 2 nestings (N = 2) was selected to be printed. In the final design, the
outer cylinder consisting of the “ground” and the nestings were printed as a separate part, while
the central shaft with extrusions was printed as another. Same Prusa with PLA setting in the
diaphragm and axisymmetric manufacture was used here. The central shaft was subsequently
glued to the center nesting (or the “stage”) with Gorilla Super Glue Gel 20g. Figure 28 shows the
printed and manufactured symmetric design.

Figure 28. Printed symmetric design.



4.d. Parallel

The parallel design with three sectors was selected to be printed. The entire assembly was printed
whole using the same Prusa printer and PLA filament with full supports. Figure 29 shows the
final print result after support removal.

Figure 29. First printed parallel design.

The second parallel design with three sectors was selected to be printed. Since the flexure blades
don’t lie on the x-y plane, printing the full assembly upright in short filament fibers
perpendicular to the length of each flexure blade. Instead, each sector was printed separately in a
horizontal configuration with full supports. The three sectors were subsequently glued together
using Gorilla Super Glue Gel 20g. Figure 30 displays one sector and three glued sectors prints.

Figure 30. (left) One sector and (middle/right) full cylinder of second parallel design.



In conclusion, the axisymmetric design provides the most range of motion with five nestings and
reasonable structure rigidity with three sectors. For a given number of sectors, the symmetric
design achieves approximately half as much range as the axisymmetric design while doubling
the structural integrity of the cylinder. While the parallel designs in this study achieved
comparable ranges to the serial designs, further investigation of design variations may lead to
significant range improvement. The diaphragm designs have much smaller ranges but allow for
more design customization since each diaphragm is an independent component.
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