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ubishe rehabilitative devices or mobility-assisting devices. However, before
approaching the stable range, the mechanism has to undergo a pre-loading
KEYWORDS range which usually accounts for one-third of the entire operational journey.
Constant-torque mechanism; In addition, the deformation of flexible segments is restricted due to the yield

strength of the materials. This limited working range hampers other potential
applications of compliant CTMs. This paper presents a novel design of a
compliant 2-stage CTM with long-stroke by using serially connected curved
Finite element analysis; beams that deform sequentially. The design process is implemented via a
Rotary mechanism. shape optimization scheme using genetic algorithm. Finite element analysis
is used to characterize the constant-torque behavior of the CTM under static
loading. A general design formulation is also proposed to synthesize this
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less than 4.3%.
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1. Introduction

Unlike traditional rigid-body mechanisms, compliant mechanisms (CMs) are mechanical devices
that achieve motion via elastic deformation of flexible segments. CMs take advantage of a monolithic
structure including no backlash, no friction, no wear, no lubrication but still ease of fabrication [1].
Constant-torque mechanism (CTM) is a variant of constant-force mechanism (CFM) which has been
attracting many researchers for decades [2-13]. CTMs generate an unchanged output torque regardless
of the input rotation. Such mechanisms make the force control process become much simpler instead of
using a complicated feedback system with actuators and sensors [14-17]. Hence, CTMs have plenty of
potential applications in medical equipment such as mobility-assisting or rehabilitative devices, dynamic
and static balancing of machines [18] as well as aerospace applications [19].

Compared to the blooming development of the counterpart CFMs during the last decades,
compliant CTMs have just been noticing in recent years. Hou et al. designed a compliant CTM used as
a functional joint mechanism [18]. Other compliant CTMs were synthesized by employing variable-
width spline curves [20] or straight beams [21]. In our previous work [22], a novel design of a CTM for
arehabilitation device was developed by using Bezier curves. The major obstacle of all compliant CTMs
during their trips to the operational range is that they have to undergo the preloading range which usually
amounts to one-third of the total angular motion. In addition, the deformation of flexible members is
restricted due to the yield strength of materials. This limited working range hampers other potential
applications of compliant CTMs. In recent literature, this dilemma is eradicated by using pre-
compressed beams as building blocks for compliant CTMs [23, 24]. Regardless of all these efforts, their
absolute working ranges are still humble.
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The concept of creating a CTM in this paper is to regulate the torque-rotation curve of a bi-stable
mechanism to convert the negative stiffness region into a zero stiffness section. In order to further
prolonging the working range of the CTM, this research proposes stacking two CTMs in a serial manner
whilst maintaining the overall compactness of the device.

2. Design
2.1 Design concept and Operational principle

Instead of abiding by Hooke’s law like conventional CMs, CTMs exhibit an irregular torque curve
that radically differs from the purely elastic mechanism as shown in Fig. 1. After the pre-stress range,
the mechanism approaches the quasi-zero stiffness in the constant-torque range. The output torque is
stable irrespective of the variation of the input rotation. In this research, two stages of CTMs are serially
connected which will lead to the sequential operation of each stage depending on their stiffness.
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Fig. 1 - Torque — rotation curve of a stacked compliant CTM.

The schematic of a long-stroke CTM in this paper is proposed in Fig. 2. The idea of inducing a
constant torque reaction while the CM deforms is to exploit the snap-through behavior of a specially
designed curved beam as shown in Fig. 2(a). In this paper, Bezier curve is used to parameterize these
beams. A reasonable circumferential arrangement of three alike beams will facilitate its axially
symmetric deformation. In order to maintain the overall small size, two-stage CTMs with different
stiffness are designed.
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Fig. 2- Schematic design of a CTM (a) and its 2-stages long-stroke design concept (b).

In Fig. 2(b), three inner beams of the stage-1 CTM are mounted on a ring associated with a shaft
providing the input rotation. Their other ends are linked to a rigid frame to transfer the rotational motion
to three outer beams of the stage-2 CTM. These outer curved beams, which have fixed ends by the
anchors, will continue deforming after receiving the motion.
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2.2 Optimization design of the CTM.

Shape and size of the curves are obtained via an optimization of Genetic Algorithm (GA) carried
out in MATLAB, and verified by means of finite element analysis (FEA) conducted in ABAQUS. To
define the shape of Bezier curves, control points must be determined. Owing to the symmetry of the
design, only one branch of each level illustrated as beam 1 and beam 2 is analyzed, shown in Fig. 3.
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Fig. 3- Schematic of the design variables

For the sake of simplicity, fourth-order Bezier curve beams are chosen for the two beams. As arule
of thumb, the computer resources consumption is usually proportional to the number of design variables.
Therefore some parameters of the CTM are constrained. Here, radii of the outer end of beam 1 and the
inner end of beam 2 are predefined as R48 and R24, respectively. Radius of the center annular shape
that attaches to point C4 is also a predefined parameter (R10) so that it could provide enough space to
set up the shaft. The control point Ci is constrained to the vertical centerline and it is the intersection
of this line with the circle R48. Therefore, there are totally 17 design variables including the (x,y)
coordinates of Cii, Ci2, Ci3, Cao, Ca1, Ca2, C23 and the angles (a4, a;)defining Cia, Cas, respectively, as
well as a uniform width (w) of the beams.
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Fig. 4 - Flowchart of the FEA-based genetic algorithm optimization procedure
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Trial designs are randomly created by using MATLAB based on the preliminary parameters. FEA
by ABAQUS is applied to obtain the behavior between output torque and rotation angle. Simultaneously,
the stress is also evaluated to assure the operation of the CTM within the elastic regime. To simulate
precisely the relationship of flexible segments, the outer end of beam 1 (Ci9) must rotate on the circle
R48. Thus, FEA is applied for all six beams. The rigid links are replaced by 2-node beam elements for
easier simulation. The flowchart of the GA which was verified to be suitable for solving constrained
nonlinear problems is given in Fig. 4. The optimization was implemented automatically by MATLAB
and ABAQUS. Inputs to the GA optimization are divided into two different boxes for the sake of better
understanding of the algorithm. The “Input Parameters” and the “Define GA settings” boxes define the
shape of the mechanism and the GA’s parameters, respectively. In the first loop, MATLAB produces
the text codes “CTM_iput.txt” to define the simulation model based on the design parameters generated
by GA. This model is then fed into the ABAQUS to implement the analysis. The torque — rotation curve
is extracted from the simulation output file to evaluate the objective function in eq. (1). It is finally
returned to the GA to calculate the fitness value for further sorting this design in the current generation.
The nondominated-sorting genetic algorithm (NSGA-II) generates offspring using a specific type of
crossover and mutation and then selects the next generation according to nondominated-sorting and
crowding distance comparison. The algorithm is terminated when the objective function difference
between two successive generations is smaller than the tolerance, the evolution is converged, or the
initial number of generations (max;;.,) is met. The optimization problem in this research is formulated
in the following objective function:

Min[f(8)] = [(T — T)? d6 + [(T — T,)? d8 (1)

In eq. (1), a, b, and ¢ are the margin between the pre-stress zone and the two working zones. The
purpose of the objective function obtained in eq. (1) is to minimize the variation of the torque function
T (0) toward the two constant torques (T; and T,) regardless the rotation angle of the mechanism in the
working range. The numerical integration limits (a,b) and (b, c) depend on the configuration of the
practical torque curve for each design. The criteria to choose these points is that T(a), T (b), and T (c)
should be within the tolerance of +5% of T; and T,. Therefore, they are not predefined parameters of
the optimization process. Generally, the optimization formulation is described in Table 1. To constraint
the design space as well as to reduce the number of design variables, three radii are appropriately chosen
for the purpose of CTM and prescribed as 10 mm, 24 mm, 48 mm, as shown in Fig. 3. Five constraint
functions with different purposes are embedded to govern the optimization process. The functions g,
and g, are to prevent the curved beams from intersecting each other. The functions g5 and g, define the
bound for the width of slender beams and the angles defining points Ci4, Cz4, respectively. The stress of
the mechanism is required in the constraint gs.

Table 1. Formulation of a compliant constant torque mechanism optimization

1. Objective:
— Minimize the variation of the torque follow Eq. (1)

2.Design variables:

— Control points: Cj;(x,y) i=1+2,j=0+4)

— In-plane thickness: w

— Angles: a;, a,
3. Constraints:

i g1: C1(x) < 0;

il g1 G > C;x) (=0+4)

iii. g5:0.7 < w < 1.5 (mm)

iv. g4:m/18 < a < /1.5 (rad)

v. The maximum stress within the CTM, gs: om < oy/SF
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3. Results and Discussion

The designed CTM suffers a large deformation, so choosing a proper material plays a vital role. In
this model, PEEK (polyether etherketone) is selected because of the large ratio o, /E. This ratio is often
used to measure the ability of a material to allow bending before yield. For the linear elastic and isotropic
model, the Young’s modulus (E) of PEEK is taken as 3.58 GPa, the Poisson’s ratio (vp) is taken as 0.3,
and the out-of-plane thickness of the structure is 5.0 mm.

Table 2. Optimum DVs of the CTM

Design variables

Values (mm)

Cio(x,y) (0.00, 48.00)
Ci1(xy) (-0.90, 25.47)
Ci2(x,y) (1.00, 32.53)
Ci3(x,y) (1.79, 32.53)
Cia(x,y) (9.62, -2.74)
Co(x,y) (12.70, 58.13)
Ci(x,y) (35.23, 58.13)
C22(x,y) (12.70, 35.60)
C3(x,y) (43.03, 15.90)
C24(x,y) (7.42,22.83)
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Fig. 5 - FEM beam element model (a) and simulation results (b)

The GA optimizations in MATLAB integrated with the FEA by ABAQUS are run with 30
generations and a population size of 40 candidates for each generation. The score is the optimal
configurations of the proposed beam-based CTM shown in Fig. 5. These Bezier curved beams are
created from the results of optimum design variables presented in Table 2. It is necessary to build a
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three-dimension model to verify for the nonlinear stiffness and structural integrity of the mechanism and
itis shown in Fig. 6. As seen in the Fig. 6, compliant members was structured in two floors to get enough
space for the deformation to 110°. In the 3D simulation, the anchor ring was eliminated to reduce the
computational time.

Fig. 6 - 3D model of the CTM

The torque — rotation curves of the optimum mechanism are indicated in Fig. 7. In this research, both
beam element model (2D) and solid model (3D) are used to analyze the mechanical behavior of the
mechanism. The former model is used during the optimization stage to fasten the evaluation of a design
due to its simplicity. However, the tradeoff of this method is the approximated modelling to the real
mechanism. It is advisable that the latter 3D-simulation should be implemented to verify the final results.
Fig. 7 shows that the constant-torque value of 3D model is slightly higher than that of 2D model. But
they are in good agreement of both cases. The constant-torque range is divided into two stages at the
angle of 58°. The deviations of output torque of the CTM in the whole working range from 30° to 110°
are 3.8% and 4.3% for 2D-beam model and 3D model, respectively, depicted in Table 3. The flatness of
the torque curve between the operational ranges can be further improved by GA optimization algorithm
if the generation evolution is extended. However, depending on the diversification of the initial
population, global optimum solution in GA can also be hardly found if the whole generation are attracted
to the local optima. The probability percentage of the two genetic operators in GA, crossover and
mutation, can be intervened. Increasing the mutation possibility to produce more outsiders is one of the
solutions to escape those local traps. In the current research, the variation of the torque between the
working range is within the acceptable limits. Therefore, the evolution process is terminated after 30
generations. The torque can be adjusted to higher value by increasing the out-of-plane thickness without
changing the flatness of the mechanism. The maximum stress of the mechanism stands at 128.6 MPa,
shown in Fig. 7, is much smaller than the yield strength of the PEEK material (O'y = 21OMPa). The
stack-up configuration of the CTM introduces more challenges for the conventional fabrication methods.
However with the rapid advancement of 3D-printing technology, the manufacturing for such kind of
products becomes much easier than ever. For PEEK material, several feasible printing methods are fused
filament fabrication (FFF), stereolithography (SLA) or selective laser sintering (SLS). In 3D-printing
technology, the accuracy for each method is evaluated by two criteria, namely, trueness and precision
according to the ISO 5725-1:1994/COR 1:1998. Msallem et al. [25] showed that SLS has the highest
trueness (0.11 + 0.016 mm) when they printed the anatomical models for clinical application. This
method will be used to print the current mechanism and will be presented in the next research.
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Fig. 7 - Torque and stress — rotation results using FEA analysis
Table 3. Output torque deviation
Model Average value Minimum Maximum Maximum
(at 40°) (at 30°) (at 110°) Deviation (%)
2D 164.5 158.6 170.8 3.8
3D 167.1 160.5 174.3 4.3

3. Conclusions

In this paper, a simple and efficient method for the design of a compliant CTM was presented. A
novel large-stroke CTM was proposed by using serially connected curved beams that deform
sequentially. The optimum design is obtained by using genetic algorithm optimization coupled with
finite element analysis. The enlarged operation range diversifies the probable applications for this kind
of mechanism. In addition, taking the merits of compliant mechanisms, the designed CTM is a perfect
replacement for the conventional mechatronic force control system, especially in mobility devices. In
spite of the imperfect result, the proposed configuration is a worthy suggestion for extending the torque-
constant range of other works in the future.
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