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Abstract

This study presents the development of an innovative artificial finger-like device that provides
position specific mechanical loads at the end of the long bone and induces mechanotransduction in
bone. Bone cells such as osteoblasts are the mechanosensitive cells that regulate bone remodelling.
When they receive gentle, periodic mechanical loads, new bone formation is promoted. The
proposed device is an under-actuated multi-fingered artificial hand with 4 fingers, each having two
phalanges. These fingers are connected by mechanical linkages and operated by a worm gearing
mechanism. With the help of 3D printing technology, a prototype device was built mostly using
plastic materials. The experimental validation results show that the device is capable of generating
necessary forces at the desired frequencies, which are suitable for the stimulation of bone cells and
the promotion of bone formation. It is recommended that the device be tested in a clinical study
for confirming its safety and efficacy with patients.

Keywords
Osteoblasts; Mechanical Loading; Artificial Hand; Bone Growth

1. Introduction

Mechanical loading is one of the major factors that influence bone architecture, since bone
mineral density is significantly regulated by physical activity. During physical activity,
mechanical forces are exerted on the bones through ground reaction forces and contractile
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activity of muscles [1]. Bone mass can be increased in the presence on mechanical loading
and reduced in its absence. It is proposed [2] that low-magnitude, high frequency
mechanical stimuli are effective in evoking new bone formation or osteogenesis. In other
words, if a small magnitude of mechanical stimuli is applied at a high frequency, an
osteogenic response can be stimulated via mechanotransduction in bone cells.

In this study, we aimed to develop a device that is capable of generating transverse
(sidewise) forces and applying directly to the end of long bones such as the knee. The
present study is focused on the mechanical analysis for validating functionality of the
device. Biomedical evaluations should be performed in future clinical trials.

Osteocytes are the most abundant type of cells in bone tissue, and they constitute more than
90% of the cells in bone matrix. They are rooted in the calcified bone medium, and
communicate with each other and with bone-forming osteoblasts through slender processes
and gap junctions [3]. Osteocytes are highly mechanosensitive. Haversian system or osteon,
one of the key components of a porous bone matrix, encloses a blood vessel in its center and
sets up the canals known as Haversian canals or Volkmann’s canals. Osteogenesis is induced
by the process of osteoinduction in which premature cells are recruited, stimulated and
developed into pre-osteoblasts. Osteogenesis can also result from osteoconduction which is
the passive process of bone growth on surfaces such as bone-implant surfaces [4].

When rapid mechanical loading is applied at the end of long bone (e.g., knee), it is proposed
that the interstitial fluid present around the osteocytes in the lacuna-canalicular network
induces a pressure gradient and elevates nutrient transport throughout the porous network.
The added nutrients facilitates bone remodeling, which may shorten the healing time of bone
fractures, increase bone mineral density, and prevent bone loss and damage in patients with
osteoporosis and osteoarthritis, respectively [5 6].

Commercial devices such as an ultrasonic vibrator Exogen (bioventus, NC, USA), and
Physio-Stim Lite (Orthofix, TX, USA) are in market in the field of assistive promotion of
bone formation. For example, Exogen is wrapped around the leg, and generates ultrasonic
waves for inducing physical stimuli [7]. Physio-Stim produces low magnitude high
frequency signals and induces an electric field in bone tissue [8]. Several other devices are
also available for inducing physical stimuli to bone [9 10]. To our knowledge, however, no
devices are procurable that directly apply mechanical loading to the articular joint of long
bones.

It is expected that transverse forces applied repetitively to the knee (distal femur) would
transport the interstitial fluid towards the hip (proximal femur) in a controlled fashion.
Although no clinical data are available, animal studies have been performed and
effectiveness of this new type of loading is reported [11 14].

For testing knee loading, animal experiments were performed mainly on rodents and pigs. In
one mouse experiment, surgical holes were drilled in their femurs on the middle part of the
femur. A controlled mechanical loading was then applied on a periodic basis. It was
observed that the surgical holes healed quickly in the femur with mechanical loading than
the contralateral femur without mechanical loading [15]. This observation supports the
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notion that direct mechanical loading is an effective treatment to accelerate healing of bone
injuries. It also indicates that mechanical loading can potentially help in promoting bone
health and can be used on humans as a preventive procedure to reduce a risk of hip fracture
as well as a therapeutic procedure to enhance the healing of bone fractures. Based on the
experimental studies, it was predicted that a maximum force of 40N with a frequency in the
range of 1 to 5 Hz may maximize beneficial effects for loading on human knees [16]. It is
recommended that the most appropriate loading condition (e.g., force magnitude and
frequency) should be determined in a future clinical trial [17].

Based on the above loading estimates, an experimental mechanical loading device was
initially developed that was able to apply varying magnitudes and frequencies of forces to
the knee. The device incorporated a mechanism to apply distributed loading around the knee
and was driven by a voice coil linear actuator (Figure 1) [16].

However, the preclinical studies indicated that the efficacy of inducing mechanotransduction
of osteocytes depended on the stress distribution on the knee [11]. The knee is a complex
structure anatomically as well as geometrically. Based on this observation, it is predicted
that a position specific loading that provides a more targeted force application on the knee is
likely to further improve induction of mechanotransduction [17].

2. Development of Multi-Fingered Artificial Hand

Many advanced robotic hands such as a “robotiq” robotic hand [18], a shadow robotic hand
[19], Hiro-4 [20], SANDIA [21] etc. are available in the market, but they lack the capability
to provide cyclic gentle loading. In order to provide a continuous position specific cyclic
loading, this study was conducted for the development of the proposed artificial finger-like
device, which is unique and first of its kind.

A mechanism is considered to be “under-actuated” if the number of actuators is a fewer than
its degree of freedom. In the under-actuated mechanism, the motion is transmitted through
mechanical linkages and elastic elements such as springs to actuate the passive joints. In the
under-actuated finger, the actuation is applied to the bottom phalanges and is transmitted to
other phalanges through mechanical elements such as pulleys and gears. In this study, the
designed multi-fingered artificial hand is made up of 4 fingers with two phalanges, each
connected by a torsion spring having 2 degrees of freedom.

The device should be able to apply necessary forces at required positions without generating
any altering effects at any other locations. The device should be light in weight and should
be capable to incorporate knees of various shapes and sizes.

For the safety of the patients, the design is subject to various constraints. The device should
be compact, mobile, portable and run at low voltages, preferably less than 25 V. The device
should be lightweight and preferably weigh less 4 kg. The device should produce a wide
range of forces with a maximum force magnitude of 20N on each side and should run at
various frequencies with a maximum frequency of 5 Hz.
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2.1. Design Process

Four fingers having two phalanges each are designed. The two phalanges are connected by a
revolute joint and a torsion spring is placed at the joint. A compliant soft plastic or rubber
material is used to cover the distal phalange. The reaction force generated at the knee is
proportional to the torsion spring displacement. Figure 2 represents the CAD drawing of the
device.

Each finger is designed to produce a maximum force of 20N so that a set of fingers can
produce 40N of force. The torsion spring prevents the additional displacement that limits the
maximum force applied. Thus, it acts as a safety feature and provides a cushion to the knee.
Figures 3(a)-(c) represent the motions of the finger in one cycle. Finger is connected to the
finger base by a revolute joint and angularly oscillates on that revolute axis.

The stroke length of the slider dictates the displacement of the finger. Various slots are made
on the crank wheel in the actuation mechanism to connect the slider. Thus changing the
stroke length which limits the finger displacement and the maximum force applied. Figure
3(d) represents the variable displacement CAD model.

Each pair of fingers are connected and operated by slider and crank mechanism. A worm
gear mechanism is used to transmit the motion from the actuator to the two sets of slider
crank mechanism.

Basing on the FEA analysis results in [17], fingers and the base are 3D printed with ABS
plastic material while aluminum and steel are considered for remaining components of the
device.

2.2. Dynamic Formulation of the Finger

A dynamic analysis of the finger mechanism was performed using the Euler-Lagrangian
method in [16]. The dynamic equations for the finger mechanism are given by:

o) 2] .. . . .
T, = Vl +mydy + m2L1J1’1 + |Lydy + LiLy| pycos(py = py) = |Lydy + Ly Ly [ (B = pp (1)
)Posin(p; — py) + lmzd2 + LZJLlplpzsin(p1 - py)+ [mld1 + mzLIchos(pl)

) 2] .. . .
T,= [1 2 +myd; + m2L2J Py + [mydy + maLy | Ly prcos(py — py) = |mydy +maLy | Ly(p,
— pz)plsm(p1 - Pz) + kp2 + kp2 + [mzd2 + m3L2JL1p1p251n(p1 - p2) + [mzdzj gcos(pz)
- kpzpz

O]

where T1 and T are the generalized torques at joints J; and Jo, L1 and L, are the lengths of
the phalanges, d, and d, are the distances from center of the mass of the phalanges to the
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respective joints, p; and p, are the respective angles made with the axis parallel to the base,
k is the spring constant of torsion springs (Figure 4), 14, |, are the moment of inertias and m4
and m, are the masses of proximal and distal phalanges respectively.

2.3. Rigid Body Dynamics

Rigid body dynamic simulations were performed using Simmechanics module of Matlab-
Simulink and the results are published in the reference article [17]. The CAD model from
Creo was imported to SimMechanics toolbox in MATLAB. Components such as controller,
spring load, etc. have been manually added to the SimMechanics model. The model was
then simulated for various force magnitudes ranging from 1 to 20 N and oscillation
frequencies ranging from 1 Hz to 5 Hz. The simulation results indicates that the device is
capable of producing desired force magnitudes within the desired frequency ranges. Figure
5(a) and Figure 5(b) show the results from SimMechanics model simulation. More
information on SimMechanics simulations of this device can be found in the reference
article [17].

2.4. Finite Element Analysis of the Device Design

Static structural analysis and modal analysis have been performed using ANSYS workbench
15.0 and the results were published in [22]. The device was analyzed in two cases for
deformed geometry, stress distribution and modal frequencies. In case 1, only metals were
used [23], aluminum for fingers and base and steel for the actuation mechanism. The results
shows that the stresses, deformations and modal frequencies were with in safe limits with a
maximum stress of 11. 2 MPa resulting in a safety factor of 22.22 and a maximum
deformation of 0.05 mm which is relatively very less with respective to the maximum
displacement of the finger. The first modal frequency occurred at 102 Hz, which is much
above the maximum operating frequency. Figure 6(a) and Figure 6(b) represent Von-Mises
stresses and 1st mode deformation plot for case 1.

In case 2, ABS plastic [24] was used for fingers, base, and steel for the actuating
mechanism. The results showed that maximum stress of 32.07 was generated with a safety
factor of 7.81 and the first modal frequency occurred at 70 Hz, which was much higher than
the operating frequency of the device. The maximum deformation was 1.5 mm, which was
in acceptable limits. Figure 6(c) and Figure 6(d) represents the Von-Mises stresses and 1st
mode deformation plot of case 2.

From the finite element analysis results of the device, it was evident that using ABS plastic
for the fingers and body, steel for the actuating mechanism is a better solution, which greatly
decreases the device weight, manufacturing costs, labor, etc.

2.5. Device Prototype and Experimental Setup

Utilizing the dynamic simulation results in [17] and finite element analysis results in [22], a
prototype device was built using 3D-printing technology. The device is actuated with a
brushless DC motor manufactured by Anaheim Automation (Anaheim, CA, USA) which is
capable of running at 4000 RPM and can produce 1.6 N-m of torque. A worm drive gear
mechanism manufactured by SDP/SI (New Hyde Park, NY, USA) is used to transmit the
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power from motor to the fingers. Figure 7 shows the experimental setup for the device. The
mannequin knee (brand: EZ-10) was purchased online.

For optimal working of the device and safety of the human knee, measurement of the force
and displacement is performed to ensure that the forces are within the set limits. Four
contact based flexi force sensors from Tekscan (Tekscan, MA, USA) four flex angular
displacement sensors from Mouser (Mouser electronics, CA, USA) have been used for force
and displacement measurements. The user interface for the device (shown in Figure 8) was
built in-house and consists of an LCD (Liquid Crystal Display), various circuit boards, and
two knobs for selecting loading frequency as well as time duration of a loading session.
Furthermore, it contains three buttons for power (black), start (yellow) and emergency
stopping (red) the device. The operation frequency of the device can be controlled by using
the speed controller in conjunction with the Arduino microcontroller (Adafruit Industries,
New York City, NY, USA). The actuator (DC motor) speed is controlled by a digital
potentiometer circuit that gets its inputs from the Arduino controller. This entire circuitry is
enclosed in a 3D printed box that collectively forms the user interface.

For the safety and optimal performance of the device, a control system was designed based
on force/ displacement feedback to ensure that the forces are within the set limits. Force and
displacement are continuously measured during the operation of device. If the force
magnitude is greater than the desired value, the position control system is activated which
would command the motor to retract the fingers to their default open positions (Figure 8).
An Arduino microcontroller is used to implement the control strategy.

Additionally, the torsion springs between the phalanges will accommodate extra
displacement, which will further regulate the force acting on the knee.

2.6. Operational Procedure

The user interface will need to be switched on and the required settings must be dialed in.
The required force can be set by adjusting the crank at required positions on the disc while
the fingers are adjusted so that they are in contact with the knee. When the device is turned
on and the loading cycle is started, the measured force and frequency are continuously
monitored. If the force exceeds the desired magnitude, the safety control system is activated
which first stops the motor and turns it in opposite direction to bring the fingers back to the
default position.

While the actual force delivered to the bone is not the same as the force applied by the
device, a portion of the applied for is transmitted to the bone. Additionally, the force
transmitted to the bone has a direct correlation with the force applied by the device on the
skin. This work focuses on the device force application capabilities while actual force-
efficacy relationship will be established in a future clinical study.

3. Experimental Results & Discussion

The proposed knee loading device was tested at two different values of finger angular
displacements: 40 degrees and 20 degrees and two values of force: 10N and 20N while the
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frequencies of force application are set at 1 Hz, 3 Hz, and 5 Hz for each finger respectively.
The spring constant for the torsion spring was 0.015 N-m/deg and the resulting force and
displacement outputs as would be felt at knee model are plotted in the following figures.
Figure 9(a) and Figure 9(b) represent the angular displacement of 20 degrees and force
magnitude of 10N at 1 Hz frequency.

For the display of the results, an open source software called Megunolink was used by
interfacing it with Arduino Uno controller. The software is used to convert the serial data
from the sensors to waveforms for easier elucidation.

Figure 9(c) and Figure 9(d) represent the angular displacement of 40 degrees and force
magnitude of 20N at 3 Hz frequency.

Due to the software limitations, the experimental readings for displacement and forces were
taken independently and as a result, the displacement and force data shown in these figure
are not synchronized.

Figure 9(e) shows the displacement variation with an amplitude of 40 degrees at an
operating frequency of 5 Hz and Figure 9(f) represents the corresponding force variation
with an amplitude of 20 N.

The rigid body dynamic simulation results from MATLAB sim mechanics are in accordance
with the experimental results which in turn validates the simulation results. Initially the
device was made with steel and aluminum. The components were machined using the
conventional machines. With the help of finite element analysis, ABS plastic was found to
be a suitable replacement for most of the device metal components. Thus the fingers and the
base are replaced with ABS plastic. 3d printing technology was used in fabricating the
components. Use of 3d printed plastic components resulted in significant reduction of the
device weight. 3d printing technology gave us the flexibility to fabricate the exact geometry
of the fingers and reduced the overall fabrication cost and time significantly when compared
to the metal components.

It is observed from the experimental results that the prototype device is capable of producing
a wide range of forces up to 20N at various operating frequencies ranging from 1 Hz to 5
Hz. From functionality and usability standpoint the device meets all the design requirements
set forth.

4. Conclusion

A multi fingered under actuated artificial hand was developed with the aim of providing
position specific joint loading to induce physical stimuli into bone cells. Rigid body
dynamics and finite element analysis were performed to demonstrate the theoretical
functionality of the device. The finite element simulations demonstrated that building a
prototype model with ABS plastic and steel is feasible and economical. Utilizing those
results, a prototype device was built using 3D printing technology, a DC motor, sensors, two
embedded controllers, and an in-house built device user interface at Purdue School of
Engineering and Technology, IUPUI. The device was mechanically tested for validating its

J Biomed Sci Eng. Author manuscript; available in PMC 2018 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korupolu et al.

Page 8

capability to generate various force magnitudes at desired frequencies. These results
demonstrated that the device can generate wide range of forces at various frequencies (O N -
40 N, 1 - 5 Hz). With this capability, this device can be replicated and made ready for a
clinical trial for further efficacy evaluations.

5. FUTURE WORK

The Flexi sensors used in this device had low accuracy and reliability resulting in suboptimal
dynamic performance of the closed loop control of the device. However, if these sensors can
be replaced with load cells and angular displacement sensors at the specific joints in the
future prototypes, such issues will be resolved.

The scope of this paper has been limited to validate the functionality of the device. i.e.
whether the device can produce forces up to 20N/finger at frequencies up to 5 Hz. The
device design can further be improved by selecting more sturdy and accurate force and
displacement sensors, as well as improving other mechanical and control elements. The
patient safety and efficacy evaluations will also need to be done in a future clinical study.
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Figurel.
Knee loading device with a voice coil linear actuator.
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Figure 2.
CAD drawing of the proposed device.
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(a) (b) (c) (d)

Figure 3.

(a)-(c) Motion of the finger in one cycle; (a) Initial position; (b) Load applying position; (c)
final position; 1, 2: Phalanges, 3: Representation of a torsion spring, 4: Finger base; (d)
variable displacement.
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Figure 4.
Representation of a finger. L1, Lo: Lengths of the Phalanges; d1, do: Distances from center of

the mass of the phalanges to the respective joints; p1, po: Angles made with the axis parallel
to the base.
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Figure®6.
(a) Case 1 Von Mises stress contour plot; (b) Case 1 Modal analysis results; (c) Case 2 Von

Muises stress contour plot; (d) Case 2 modal analysis results.
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Figure7.
Experimental setup of the device with artificial knee.
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Emergency stop

Figure8.
Device user interface.
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Experimental results (a) Displacement of 20 degrees at 1 Hz; (b) force of 10N at 1 Hz; (c)
displacement of 40 degrees at 3 Hz; (d) force of 20N at 3 Hz; (e) displacement of 40 degrees

at 5 Hz; (f) force of 20N at 5 Hz.
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