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Design of High Torque Elbow Joint for Above

II. MAIN CHARACTERISTICS OF SOME MYO-ELECTRIC UPPER

Abstract—Above Elbow Prosthesis is one of the most commonly
amputated or missing limbs. The research is done for modelling
techniques of upper limb prosthesis and design of high torque, light
weight and compact in size elbow actuator. The purposed actuator
consists of a DC motor, planetary gear set and a harmonic drive. The
calculations show that the actuator is good enough to be used in real
life powered prosthetic upper limb or rehabilitation exoskeleton.
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1. INTRODUCTION

ROSTHESIS is a device that is designed to replace, as

much as possible, the function or appearance of a missing
limb or body part. Worldwide, every year the number of
amputees increases in 150,000 to 200,000 [1]. Advances in
prosthesis had allowed people who lost an extremity to win
back their normal life and live it with few limitations.

One of the forefronts in prosthetic technology is the upper
limb above elbow prosthesis. But most of these include the
Myo-electric hand and passive elbows. Myoelectric elbows
can profitably substitute the passive ones, only if they can
guarantee: durability, low noise, adequate torque, low power
consumption, light weight, easy motion control and natural
movements. Most of these objectives can be reached by good
mechanical design and performance of the system highly
depends by how it works [2]. Actuators usually selected for
kinesthetic devices are either heavy (like direct drive electro-
motors) or poor force actuators (like geared DC motors) [3].

In this study the actuator uses the harmonic drive for elbow
joint actuation due to its several advantageous properties. It
can give back to an actuator many of the qualities that are lost
when gears, belt, ropes and chain drives are introduced.

Some characteristics of harmonic drives are high speed
reduction ratio, free of backlash, high precision, small no of
components and ease of assembly, small sized and light
weight, high torque capacity, high efficiency and vibration
free operation. Ideally prosthesis must be comfortable to wear,
easy to put on and remove, lightweight, durable, and
cosmetically pleasing. Furthermore, prosthesis must function
well mechanically and require only reasonable maintenance.
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LIMB PROSTHESIS

A. Utah Arm

The characteristics of Utah arm are:

TABLEI

CHARACTERISTICS OF UTAH ARM

Characteristics

Utah Arm

Turntable Diameter

7.0 cm (2.8 in)

Arm weight 913 g

Hand weight 450 g
Maximum lift capacity 4.3 Nm
Passive (Locked) liftcapacity 68 Nm

Range of motion 0-135 deg
Operating temperature 0-44 centigrade
Locking positions 22

Speed....no load

Battery Type (Rechargeable

control option)

112.5 degree/sec
12 V, Removable

B. NY Electric Elbow

The characteristics of NY Electric Elbow are:

TABLE II

CHARACTERISTICS OF NY ELECTRIC ELBOW

Characteristics

NY Electric Elbow

Turntable Diameter
weight
Maximum lift capacity

Passive (Locked) liftcapacity

Range of motion

Speed with counter torque

Speed....no load

Battery Type (Rechargeable control

option)

Control

Proportional

Time without recharge
Recharge time

7.1 cm (2.8 in)
0.55t0 0.62 kg
3.4Nm
24.4t027.1 Nm
0-135 deg
56.5 degrees/sec with
counter torque of 1.7 Nm
100 degrees/sec
5t05.25 non
removable
Myoelectric
Yes
8 hours
16 hours

C. Boston Elbow

The characteristics of Boston Elbow are:

TABLE III

CHARACTERISTICS OF BOSTON ELBOW

Characteristics

NY Electric Elbow

Turntable Diameter 7.3cm( 2.9 in)
Weight 0.96 kg
Maximum lift capacity 5.9 Nm
Passive (Locked) liftcapacity 68 Nm

Range of motion 0-135 deg

Speed with counter torque

Speed....no load

Battery Type (Rechargeable

control option)
Control

Proportional

Time without recharge
Recharge time

60.7 degrees/sec with
counter torque of 1.4 Nm.

123 degrees/sec

12V non removable

Myoelectric
Yes

8 hours

2 hours
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Besides these commercially available above elbow
prosthesis, there are many elbow actuators that are under
research and development in different institutions. A few of
them are Politecnico di Milano prosthetic arm with an elbow
mechanism constituted of two linkages in series: a crank and
slotted link and a four bar linkage [2]. Cinvestav-IPN
prosthetic arm which has a mechanism with four legs, one is
fixed and other three are in parallel configuration consisting of
linear actuators [4]. Tech. Innovation Society prosthetic arm
has elbow transmission which is based on bevel gearbox [5].

III. MODEL OF THE HUMAN ARM

A basic model to study the motion and posture of the body
can be obtained by describing the body as a linkage system. In
this way arm can be divided in three links. The equations that
describe the torque and forces on the shoulder joint for
different position and movements of the arm in the sagittal
plane are as shown in [6].
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The dynamic analytical model that is analogous to actual
anatomic system can be obtained by defining the human arm as
two rigid segments connected to non-translating cylinder. The
equations of motion for this dynamic system can be determined
as shown in [7].

These modeling techniques can provide an initial theoretical
understanding of an actual biodynamic system and help in the
selection of the dynamic properties of the actual system to be
measured.

IV. MECHANICAL DESIGN OF ELBOW DRIVE

The elbow drive consists of a DC motor, planetary gear set
and harmonic drive. The motor is run by rechargeable batteries.
The motor is connected to the planetary gear set which in turn
are connected to the harmonic drive. Transmission design
supplies a speed reduction between the motor and the elbow
hinge that moves the forearm. The planetary gear set provides a
gear reduction of 3:1 and the harmonic dive a reduction of
100:1. So the actuator provides the total ratio of 300:1. The
block diagram of elbow drive is shown in Fig. 1.
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Fig. 1 Block diagram of elbow drive

The 3D model of the elbow actuator is given in Fig. 2.

Fig. 2 3D model of the elbow actuator

V. PLANETARY GEAR SET

Planetary gearing is a gear system consisting of one or more
outer gears, or planet gears, revolving about a central or sun
gear.

Input: Sun Gear (S) = 6 teeth

Output: Ring Gear (R) = 18 teeth

Stationary: Planet Gear (P) =6 teeth

Reduction Ratio= -3

VI. HARMONIC DRIVE

Harmonic drive gears, also called strain-wave gearing are
compact, light weight and have torque ratios between 30:1 and
320:1, making them ideal for applications like prosthetics,
exoskeletons and robotics. It has mainly three components: the
wave generator (WG), the flexspline (FS) and the circular
spline (CS), as shown in Fig. 3. The WG is an elliptical ball
bearing assembly and is nested inside the FS. The teeth on the
non rigid FS and the rigid CS are in continuous engagement.
Since the FS has two teeth less than the CS, one revolution of
the input causes relative motion between the FS and the CS
equal to two teeth.

Circular Spline

Flexspline Wave Generator

Fig. 3 Components of Harmonic Drive

In the elbow actuator the selected driving configuration is
such that WG is input, FS is output and CS is fixed. With this
arrangement the FS rotates in the opposite direction to the
input at a reduction ratio equal to one-half the number of teeth
on the FS. The displacement, velocity and torque relationships
between the transmission elements in the ideal case are given
in [8]. Harmonic Drive Rating table [9] gives the values of
Rated torque (T;), Limit for Repeated Torque, Limit for
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Average Torque, Limit for Momentary Peak Torque,
Maximum Input Speed, Limit for Average Input Speed and
Moment of Inertia . Fig. 4 shows the Harmonic drive torque
and speed ratings.

Abnormal Impact Torque

Routine

Speed Cycle

mentary Peak To

Fig. 4 Harmonic drive torque and speed ratings

A. Selection of Harmonic Drive

Generally, the operating conditions consist of fluctuating
torques and output speeds. Also, an unexpected impact output
torque must be considered. The proper size can be determined
by converting fluctuating load torque into average load torque
and equivalent load torque. This procedure involves selecting
the size based on load torque for component set [9]. Fig. 5
shows fluctuating torque and corresponding output speed.
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Fig. 5 Fluctuating Torques and output speed

e  Values of an each load torque pattern:

Load Torque T
Output Speed ny
ng max= 18.67 rpm
n; max= 1867 rpm
e Acceleration T; =6.9 Nm t;=0.3 sec n;=10 rpm

e Regular Operation Stop T,=5.49 Nm t,=3 sec
n,=18.67 rpm

e Deceleration T;=3.43 Nm t3=0.4 sec n3=10 rpm
e  Dwell T,=0 Nm t4,=0.2 secn,=0 rpm
e Impact T;=8.6 Nm ts=0.15sec ng=18.67 rpm

_ 3 [ngxty X[T1]3+n, Xty X[T2]3+-.np Xty X[Tp]3
Ta"_\/ Ny Xty +Np Xty +--.np Xty Q)
Tav = 5.448 Nm
So by using the rating table given in [9]
T,y = 5448 Nm < 7.7 Nm

This refers to the model CSD-14-100 of harmonic drive.

nq Xty +ny Xty +---.np Xty (4)
ty +ty +tg +onty

Ny av(rpm) =
Ngay = 16.15 rpm
18671PM _ 100 < R(100) 5)

18.67 rpm

N 5y =Ng 4 X 100 =16.15 x 100 = 1615 rpm  (6)

Njmax = 18.67 X 100 = 1867 rpm @)

The ‘Limit for Average input Speed’ of model CSD-14-100

is 6500 rpm [9]. It must be greater than calculated average
input speed of the designed actuator.

N ov= 1615 rpm < 6500 rpm (8)

The ‘Maximum input Speed’ of model CSD-14-100 is
14000 rpm [9]. Similarly it must be greater than calculated

N max-

Nj max=1867 rpm <14000 rpm 9

Confirm if T; and T; are less than the repeated peak torque
specification of CSD-14-100 given in [9].
T;-6.9Nm < 19 Nm (10)
T; =343 Nm < 19 Nm (11)
Confirm if Ty (impact torque) is less than the momentary peak
torque specification of CSD-14-100 given in [9].

T, (Nm) = 8.6 Nm < 31 Nm (12)
Calculate allowable number of rotations (Ng) during impact
torque and confirm Ng< 1.0 x 10*

10%
Ng = W (13)
N, = 1071.23 < 1.0 x 10* (14)

Calculate wave generator life
For oil lubrication L;,>7000 [9]

Ly = Lo X (72 X (75) (15)
Lo = 8258 > 7000 (16)
Hence CSD-14-100 is suitable for speed and torque
requirements of elbow actuator.
So (by considering standard component type), the selected
model is CSD-14-100-2A-GR.
e [10] shows, technical parameters of selected brushed
dc motor.
e [11] shows, features of rechargeable NiMH battery
pack.
e [12] shows, features of multi-current universal smart
charger.
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VII. CHARACTERISTICS OF DESIGNED ELBOW ACTUATOR
The characteristics of designed elbow actuator are:

TABLE IV
CHARACTERISTICS OF DESIGNED ELBOW ACTUATOR

Characteristics Elbow Actuator
Turntable Diameter 2.8in

Weight 462 g
Speed....no load 18.67 rpm
Maximum lift capacity 549 Nm

Battery Type 12V, removable
Time without recharge 13 hours
Recharge time 2.4 hours

VIII. CONCLUSION

The field of prosthesis is indeed a human service and covers

multi dimensional learning. Thus the proposed actuator is high
torque, light weight and compact in size and good enough to

be

used in real life powered prosthetic upper limb or

rehabilitation exoskeletons. After practical implementation of
designed actuator, the results verification can be done with
‘Human Arm Model’ as discussed in [6.7]. Also the work can
extends its horizons by modeling and designing actuator for
shoulder joint or even for lower limb.
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