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Abstract— Compliant mechanisms are frequently used in the
design of prosthetic fingers since their monolithic structure and
flexible movement are quite similar to the biological human
fingers. However, the design of compliant prosthetic fingers is
not easy, as the conventional rigid-link-based mechanism theory
cannot be directly applied. In this paper, we introduce a 3D
topology optimization based design framework to simplify the
synthesis process of bionic compliant prosthetic fingers. The
proposed framework is implemented in the software MATLAB
and the realized fingers can be quickly fabricated using selective
laser sintering (SLS) technology. To illustrate the design process
of the proposed framework, a design example was presented.
The bending performance of the realized finger was successfully
verified by the FEM-based simulation and the payload test.
In future work, the optimized fingers have the potential to
be integrated into prosthetic hands to realize sophisticated
grasping movements.

I. INTRODUCTION

Amputations in the hand are usually the result of a trau-
matic accident or a planned operation that prevents the spread
of diseases in an infected finger or hand. In order to rebuild
the physical abilities of the patients’ hands, various prosthetic
hands and fingers were developed [1]. From the mechanism
design point of view, the conventional prosthetic fingers
use the rigid-link-based mechanism to realize the finger
movement. A typical example of that is the DLR Hand II [2],
which is a dexterous and robust anthropomorphic hand arm
system with electrical actuation. To achieve high mechanical
performance, another rigid-link-based prosthetic hand, the
Delft Cylinder Hand [3], uses hydraulic actuation and is
designed with light weight. Other research studies also tried
to fabricate prosthetic fingers using additive manufacturing
technologies. For example, authors in [4] used 3D scanner to
copy the shape of a cosmetic prosthetic hand. The measured
3D shape data was then processed and incorporated into the
design of a linear-motor-actuated prosthetic hand, which was
fabricated using a Fused Deposition Modeling (FDM) printer.
Another 3D-printed prosthetic hand, the OLYMPIC [5], was
developed with a modular design, in which the fingers with
patient-specific size could be easily 3D-printed and attached
to the main module.

Although the rigid-link-based mechanisms are generally
robust and stable for designing prosthetic fingers, their
limitations should also be considered [6]. For example, the
assembly process of a high-precision prosthetic hand is
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Fig. 1. Comparison of a realized prosthetic finger and a human finger: a)
A 3D topology optimized compliant finger, where F' indicates the actuation
force, b) The biological tendon-driven mechanism of a human finger.

very complicated and periodic lubrication is also required
for maintenance reasons. To cope with these problems,
compliant mechanisms are incorporated into the design of
prosthetic hands and fingers, whose motions are derived from
the elastic deformation of the flexible parts. In [7], a tendon-
driven compliant thumb was developed and integrated into a
prosthetic hand, mimicking the grasping and manipulation
behavior of a natural hand. Another compliant prosthetic
hand was proposed in [8], where the five fingers were all
based on cable-driven continuum structures to realize flexible
manipulation. However, due to the continuum-structure effect
of the compliant mechanisms, it is difficult to model and syn-
thesize compliant prosthetic fingers using the conventional
rigid-link-based mechanism theory. To improve the design
efficiency, some topology optimization based methods were
proposed by researchers to synthesize compliant prosthetic
fingers. In [9], the authors designed a discrete-structure-
based compliant finger using a 2D topology optimization
method. A few studies, such as [10], tried to use 3D topology
optimization algorithms to realize pneumatically actuated
prosthetic fingers.

In this paper, we introduce a novel design framework
for designing 3D topology optimized compliant prosthetic
fingers. Since the topology optimization method is inspired
from the biological evolution process, the realized fingers
also have bionic shape and flexible bending performance
(see Fig. 1). The proposed design framework is implemented
in a single developing environment (MATLAB) to improve
the efficiency of the code [11]. In combination with the 3D
printing technologies, the framework can greatly improve the
design efficiency and performance of the prosthetic fingers.

The remainder of the paper is organized as follows:
Section II describes the workflow of the design framework
and illustrates the mathematical principle of the 3D topology
optimization method. A design example is presented in
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Algorithm 1: Workflow of the 3D Topology Opti-
mization Based Design Framework

1 Initialization of a cuboid design domain with the size
of {ng,nyn;};

2 Define the corresponding boundary conditions and
the objective function f(x) of the design problem;

3 while Convergence criteria are not fulfilled do

4 Finite element analysis;

5 Calculate the objective function f;

6 Update of the density distribution x according to

the result of sensitivity analysis;

7 Post-processing of x to get a 3D-printable surface
model for prototyping the prosthetic finger;

Fig. 2. A cuboid design domain that is meshed into s X ny X n. cubic
elements. The side length of each cubic element id lc.

Section III to demonstrate the performance of the framework.
Section IV concludes the entire paper and outlines the future
work.

II. METHODOLOGY
A. Design Workflow

Algorithm 1 presents the generalized workflow of the
proposed design framework. Firstly, the user creates a 3D
design domain for the prosthetic finger, which is a cuboid
meshed into n, X n, X n, cubic elements (see Fig. 2).
Then, the boundary conditions of the design problem, such
as the actuation forces and the bending directions, should be
defined to describe the design objective f(x) of the expected
prosthetic finger. After that, the shape synthesis process
begins by performing the 3D topology optimization. During
the optimization process, 3D finite element analysis (FEA) is
performed in each step to calculate the predefined objective
function. The distribution x of the normalized material
density in the design domain is then iteratively modified
according to an updating scheme. After the optimization
process converges, post-processing techniques are performed
to obtain a 3D-printable and functional prosthetic finger.

B. Algorithm of the 3D Topology Optimization Method

The objective of the proposed 3D topology optimization
method is to search for an almost solid-void (1-0) normalized
density distribution x (a voxel model) in the 3D design
domain to achieve the maximum displacement of a certain
output point P,,;. The voxel model x is implemented as

a MATLAB array whose size is (nz,n,,n.). The objective
function can be formulated as:

max: f(x)=LTU = upys
X
N
subject to : quexe < Voe
e=1

(1)
N
KU=F . K=) Kd(E)

e=1

E.=Eyxx? ,0<z. <1

where U is the displacement vector of all nodes in the
design domain and L is a vector used to select the output
displacement 1+ from U. ¢ is a volume fraction factor that
constrains the volume of the realized finger. 3D FEA is used
to calculate U, where K and F' are the global stiffness matrix
and the global load vector respectively. Since x is not directly
correlated to the stiffness matrix K, we use E. = Eyz? to
involve x into the FEA, where Ej is the elastic modulus of
the full-density material. p is a penalty number.

To solve the optimization problem, x is updated iteratively.
The corresponding update algorithm can be illustrated as in
Algorithm 2. In the presented algorithm, m is a predefined
move limit of z. in each step, while 7 is a damping
factor. These two parameters are introduced to maintain the
numerical stability of x.

Algorithm 2: The Iterative Update Algorithm of x

_ Ougyt
Do .
Ave

Perform the sensitivity analysis B, <—
x4 max(Tmin, Te — M);
z} < min(1, z. +m);
if z. B < x_ then

‘ Te updated — LC;;
else if z; < 2.B7 < z then

‘ Te,updated — xeBg;
else

+.
L Te updated — T s

U-TEN--EEEN B Y L

An almost solid-void (1-0) distribution of x is reached
when the convergence criteria are fulfilled. In the post-
processing, to create a surface model of the realized pros-
thetic finger, the marching cubes algorithm [12] is used to
extract an iso-surface from x. Finally, the calculated finger
model can be 3D-printed for prototyping and testing.

III. DESIGN EXAMPLE

In this section, the design and test of a bionic compliant
prosthetic finger is presented to demonstrate the performance
of the proposed design framework.

A. Synthesis and Fabrication of a Prosthetic Finger

Fig. 3 is a schematic diagram showing the design problem
of the compliant finger. It can be seen that, the design
domain is a blue cuboid comprised of 80 x 20 x 10 cubic
elements with [, = 0.5mm. Since the prosthetic finger is
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Fig. 3. Schematic diagram illustrating the design problem of the prosthetic
finger.

supposed to have a symmetric structure, we defined the right
surface of the design domain (the z-y plane in Fig. 3) as
the symmetric surface and all the boundary conditions were
also mirrored. In this way, the predefined design domain was
used to synthesize only half of the finger, which reduced the
computational cost greatly. A displacement-based push force
F, of 5mm was applied on the design domain to actuate
the compliant finger, while the blue arrow indicated the
output displacement woys. kop; = 0.75N/mm and Koyt =
0.5N/mm were linear springs applied on the middle and
end of the finger in x-axis, in order to imitate the grasping
resistance on the finger joint and tip, respectively. The
green domain depicted the fixation boundary condition. Since
the compliant finger was SLS-printed with the polyamide
(PA2200), which is a linearly elastic material, the Young’s
modulus Ey and Poisson’s ratio v were set to 1700 MPa and
0.3 according to its data sheet.
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Fig. 4. The evolution of x during the 3D topology optimization process,
where f(x) converged at the 100" iteration. The elements with 2. > 0.5
are plotted and the black color represents solid element in the design domain.
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Fig. 5. The value of f(x) in the optimization process.

Fig. 6. The realized prosthetic finger: a) The surface model, b) The SLS-
printed prototype.

Fig. 4 shows the evolution process of x to achieve the
final topology, where the objective function converged at the
100™ jteration. The maximum u,,; has reached 11.64 mm,
as is shown in the diagram in Fig. 5. After post-processing,
a symmetrical and monolithic bionic finger was realized (see
Fig. 6a), which was then SLS-printed for testing the bending
performance. In the prototype, a flange was also constructed
(see Fig. 6b) so that the finger could be fixed and then
actuated by servo motor.

B. FEM-Based Simulation

Large-displacement FEA [6] was conducted to analyze the
stress distribution of the realized bionic finger during the
bending movement. From the simulation result in Fig. 7a),
it can be noticed that the most deformations and stresses
are evenly located in the second half of the finger, which
could effectively prevent the mechanical fatigue. The bent
prototype in Fig. 7b) has also verified the deformed shape.
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Fig. 7. The bent finger with a displacement-based actuation force Fy of
5mm: a) The FE-simulated stress distribution, b) The bent prototype.
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Fig. 8. The experimental setup of the payload test. The force sensor (Film
Sensor Technology, China) attached on the object was used to keep the
touching force F} constant.

C. Payload Test

A payload test was also carried out to evaluate the ro-
bustness of the realized finger when touching an object. The
experimental setup is shown in Fig. 8, where the printed
compliant finger was mounted on a platform and actuated
by a servo motor to realize the bending movement. In the
payload test, a sensor-controlled constant touching force F}
was applied at the tip of the finger while the finger was
bent by the actuation force. F; was chosen as 2N to imitate
the normal touching force of the human finger. The vertical
displacement Ad,,; of the fingertip and the displacement
Ad;,, of the actuation point were measured to analyze the
touching force’s influence on the bending performance. For
comparison, Ad;,, and Ad,,; were also measured when no
touching force was applied.

The experiment results are reported in Fig. 9. It can be
seen that, Ad,,; increases almost linearly with Ad,,. For
the untouched (blue curve) and touched (red curve) cases, the
largest difference in Ad,,; is about 2.8 mm, which occurs
when Ad;,, = Omm. This small difference in Ad,,; shows
that the realized compliant finger is stable and robust against
the normal touching force.
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Fig. 9. Trend of the measured fingertip displacements Adoqt over the
input displacements Ad;,, (with and without F%).

IV. CONCLUSION AND FUTURE WORK

In this paper, we introduced a 3D topology optimization
based framework for designing bionic compliant prosthetic
fingers. This work is an extension of our previous work of 2D
topology optimization based synthesis [13]-[15]. To evaluate
the framework’s feasibility, an FE-simulation and a payload
test were conducted, which successfully verified the bending
performance of the realized compliant finger. In future work,
we will use the presented framework to synthesize compliant
fingers of different sizes and then, incorporate them into a
prosthetic hand to realize sophisticated grasping movements.
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