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Design of a Gravity Compensation Actuator for Arm Assistance

Chen Tang

(ABSTRACT)

This thesis presents the design, simulation, and evaluation of a passive, wearable, and

human-scale actuator that includes pulleys and uses polymers for energy storage. Repetitive

tasks such as packing boxes on an assembly line may require high strength movements of the

shoulder, arm, and hand and may result in musculoskeletal disorders. With the objective

to ofset the weight of the arm and thereby lower the forces on the muscles in the shoulder

and arm, this actuator is able to provide gravity compensation for the upper extremities of

workers, if used in conjunction with an arm exoskeleton. The actuator is passive, meaning

that it does not use motors or sensors, but instead creates a force on a cable that is a function

of the displacement of the cable.

This thesis details the design of the actuator and the selection of an appropriate polymer

for use with the actuator. To determine the best polymer for this application, tests were

conducted on nine polymers to ind their average Young’s modulus and their hysteresis. A

90A abrasion-resistant polyurethane rubber belt was used in the inal design due to its high

modulus and low hysteresis. The inal actuator design was tested in an Instron machine to

validate its performance. During testing, the actuator provided 720N in extension and 530N

in retraction, which are roughly 112% and 83% of the torque required to lift a human arm,

respectively.
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(GENERAL AUDIENCE ABSTRACT)

The development of industry increases productivity, and brings convenience to people’s

life, but in the meantime it also increases work-related illnesses. Based on such condition,

mechanical devices such as exoskeletons can be applied to support arms of wearer to perform

tasks for longer durations and with less efort. In this thesis, we present a wearable actuator

that contains pulleys and polymer belts. With rather light weight and small size, the actuator

is located on the waist of wearer, and connected to the arm exoskeleton by cable. As the arm

moves, the polymer belts within the actuator will be stretched and counteract the efects of

movements. All in all, the design of the actuator must be portable, light-weight and with

simple design that can be suicient to meet actual requirements.
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Chapter 1

Introduction

1.1 Background

1.1.1 Motivation

Scientiic development is supposed to bring more convenience to people’s lives; it frees

humankind of heavy labour and increases productivity. In recent years, industry progress

revitalizes the economy and creates a large number of employment opportunities, but in

the meantime also increases public awareness of increasing work-related illnesses and indus-

trial accidents. According to researchers, musculoskeletal disorders have become the most

common self-reported, work-related illnesses [7], which inluence people’s health and work

eiciency in modern society. Among them, cumulative trauma disorders (CTD), also known

as repetitive strain disorders (RSI), are the main causes. They include speciic disorders such

as carpal tunnel syndrome, cubital tunnel syndrome, and tendonitis of the wrist or hand [8],

with which high force and high repetitiveness were generally positively associated [9]. Also,

some studies indicate that RSI patients have objective signs of minor polyneuropathy [10].

Repeated exertions often cause such disorders in the hand-arm-shoulder region [7, 11, 12].

In conjunction with the increase in industrial injuries, there has been an increase in the

number of devices to prevent workers from getting injured in the irst place. There are many

1
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mechanical devices that serve as possible solutions to reducing these injuries. One possibility

is to have workers wear exoskeletons that support the arm, with the purpose of creating a

gravity-less environment that reduces workload for arm motions. For example, Lift Assist

Device V22-L is designed to help workers carry heavy load easily. It is able to reduce the

potential risk of back injury [13]. Another possibility is using humanoid robots to potentially

decrease the number of repetitive strain injuries through having robots perform repetitive

tasks instead of people. Additionally, with the development of human society, more unknown

territories are being explored. Some of these include hazardous environments like undersea

operations and missions in emergency rescues [14]. In these environments, it may be useful

to have robots do exploration or tasks instead of humans. These robotic systems may beneit

from the use of arms, so they can manipulate objects in their environments.

Although these mechanical devices have diferent frameworks, many of them contain

gravity compensation systems. Suitable gravity compensations for the manipulators have

been developed to reduce control complexity, avoid energy consumption in places other than

actuator torque demand, and lead to dynamic performance improvement [15–17]. The per-

formance of robotic systems such as humanoid robots or exoskeletons contain serial kinematic

chains whose behavior can be strongly inluenced by the power supply structure. However,

large amounts of power are consumed in resisting gravitational forces; using a gravity com-

pensation device frees this power for other purposes. For these reasons, many examples can

be found of robotic arms, arm rehabilitation devices, and arm exoskeletons that use gravity

compensation mechanisms.

There are many robotic devices include gravity compensations for arm support. Shirata

et al. discuss the design and evaluation of a gravity compensation mechanism for a humanoid

robot [17], Morita et al. research gravity compensation in three dimensional space [16], and

Ulrich et al. describe a passive mechanical gravity compensation for robot manipulators [15].

Gravity compensation is also used in designs such as the PR-1 personal robotics development

platform [3], which can be used to improve the quality in industry and life, and the humanoid

robot Baxter, which is designed for low volume, high mix production jobs [18]. The Baxter
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robot has two seven degree of freedom arms, and uses gravity compensation to reduce the

motor size and increase human safety [19].

Gravity compensation mechanisms can also be devised for rehabilitation devices that are

mainly used to balance the weight of extremities and improve the actuator output eiciency.

The uses of rehabilitation devices include active rehabilitation of people who have become

paralyzed or impaired due to physical injuries, occupational injuries, sports injuries, and

strokes [20–22]. They can provide therapies which have positive efects on patients. There

are a variety of such devices, including Armin, a robotic arm that can be used to support

a patient’s arm during rehabilitation [23], which increases the training intensity for the

patients through using the robotics to replace human labor. Other rehabilitation devices

such as Freebal [1], RUPERT [24] were also developed for robotic assisted repetitive therapy.

Furthermore, gravity compensation can be applied in exoskeletons. Some of the exoskele-

tons are designed for industrial use, and are mainly used to improve eiciency and create

better work conditions. The device called ShoulderX uses the stored energy from gas springs

to support the upper extremities [25], and the lightweight wearable Levitate Airframe uses a

gas spring to support the arm and transfer the weight of the upper arm and shoulder to the

main body and support the arms of skilled workers [26]. And a gravity-balanced leg orthosis

which can be used in clinical studies of subjects with leg impairment [27].

In this context, the development of a passive, portable actuator is speciically proposed

that, in conjunction with an arm exoskeleton, has the purpose of providing gravity compen-

sation to upper extremities. Speciically, we are investigating a new gravity compensation

mechanism and the use of polymer springs as an energy storage device, which has not yet

been explored in detail.

1.2 Contributions

This thesis provides the following contributions:

• The design and analysis of a speciic structure that contains pulleys and polymer
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springs to create gravity compensation passively when used in conjunction with a

shoulder exoskeleton.

• The exploration of polymers as an energy-storage element for gravity compensation

mechanisms, as opposed to metal or gas springs.

• The experimental evaluation of the constructed gravity compensation actuator, includ-

ing measurements of its efectiveness and a discussion of its performance.

1.3 Thesis Organization

The design and development of the pulley-rubber passive actuator are discussed in this

thesis. The actuator aims to provide enough energy for arm gravity compensation in con-

junction with an arm exoskeleton (not developed in this thesis). Chapter 1 indicates the

motivations as to why a new type of passive actuator is needed. Chapter 2 discusses the

current gravity compensation systems. Chapter 3 contains the problem statement and corre-

sponding solutions. In Chapter 4, the design analysis and optimization of the pulley-rubber

structure are discussed in detail. Component development, 3D model construction, and

polymer material selection are included in Chapter 5. Chapter 6 includes the testing results,

simulations of the actuator, and the comparison of the results between both. In the end,

Chapter 7 summarizes the entire work, provides discussions about the results and recom-

mendations for actuator promotion.



Chapter 2

Literature Review

2.1 Literature Review

In the work that has gone towards the many diferent applications that all use gravity

compensation techniques, a number of diferent mechanical solutions have been explored

and designed. Passive gravity compensation indicates the method of using weight, spring,

or other energy storage members to counteract the efects of gravity without motors and

sensors. In this section we go into more detail about how these diferent arm mechanisms

work and the particular energy storage elements used in them.

2.1.1 Gravity Compensation with a Spring and Beam

In the traditional method, with the help of assistance provided by elastic energy storage

elements, mobile arm mechanisms are proposed to support limbs in any movements through

gravity compensation [28]. Also, these devices can facilitate people who have extremity

problems get used to daily activities [29].

A number of diferent devices have used a similar mechanism for gravity compensation:

a spring and beam are fastened to a ixed surface with pin joints, such that they can move

in the vertical plane. The other end of the spring is connected to a point on the beam. By

choosing the spring constant and distances appropriately, this provides gravity compensation

5
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to the beam or objects attached to the beam.

Two of these devices are for upper-extremity rehabilitation: the Freebal [1] and Dampace

[30]. These were proposed to increase the training intensity for the patients and gravity

compensation components within both devices were quite similar. The gravity compensation

force were both produced from a spring beam (Figure 2.1) at the base of devices and used

cabling to transmit the force to support the wrist and elbow in the sling. By adjusting the

distance of spring beam, the value of cable force can be changed to support diferent weight

of upper extremities.

Figure 2.1: Spring and Beam Mechanism For Gravity Compensation [1]

Parallelogram link with springs is also a method developed for articulated manipulators

and utilized for the reduction of gravity torque in each joint [16], the kinematic model

is shown is Figure 2.2. The structure uses linear springs that were placed depending on

kinematics to produce restoring force to counteract gravity force [2].
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Figure 2.2: Gravity Compensation Method of Parallelogram Link with Springs. [2]

Another spring and parallelogram link mechanism is depicted in Figure 2.3, which is

placed in PR-1 robot’s arm segment to passively balance the arm weight and replace the use

of joint motors. In this gravity compensation mechanism, spring is used to store energy and

balance the force from distal link, connector bar can be used to transfer the elbow load to

the shoulder location [3].

Figure 2.3: Parallelogram Mechanism Allows Gravity Compensation [3]

Similarly, other elastic elements can replace springs and work with parallelogram links.
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For instance, a portable exoskeleton called JAECO WREX is able to balance upper extremity

in space against the efects of gravity with the help of linear elastic band [31]. The device

is designed quite close to human anatomy and enhances the arm movements of disabled

patients. As depicted in Figure 2.4, the elastic bands are looped over two band spools on the

humeral elevating link and forearm link. The elastic force produced by the bands counteracts

the weight of upper extremity. This makes the number of bands are depending on the arm

weight of diferent wearers and how much strength they need in the arm movements.

Figure 2.4: Child wears JAECO WREX.

2.1.2 Gravity Compensation with a Cam

In addition to the spring and parallelogram gravity compensation system, there are other

hybrid structures. In this section, cam is treated as the main element within the gravity

compensation mechanisms while working with other members such as springs or links. The

irst example is a cam type mechanism for gravity compensation [4]. As shown in Figure 2.5,

an interior cam proile was designed to balance the weight force of an unbalanced rotating

arm with weight (m). As the arm is rotating, pressures appear at the contact point of
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follower and interior cam which creates a normal reaction force (N(q)). In the meantime,

the counter balancing spring at the bottom is compressed and will create a resistance force

acting on the follower shaft to balance the arm moving.

Figure 2.5: A Cam Mechanism for Gravity Compensation. [4]

Another gravity compensation mechanism called VGCM contained two types of linear

springs and a follower to reduce actuator force mostly compensate for constant weight [5]. A

prototype of the mechanism is shown in Figure 2.6. The main material is stainless steel with

the weight of 7.5kg; two types of springs were placed with a 90◦ phase diference; a large

follower with rotation axis inside and combined with a forward link. When there is force (mg)

concentrated on the forward link, the gravity torque caused by (mg) will be compensated by

torque generated by the spring forces.
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Figure 2.6: Gravity Compensation Mechanism Include Two Springs and a Cam [5]

Also, gravity compensations within several wearable industrial use exoskeletons contain

cams. For instance, Levitate AIRFRAME [26], shoulderX [25], and Ekso Bionics Arm Sup-

port [32], as depicted in Figure 2.7, are wearable devices that can support arms of wearer

to perform chest height to overhead tasks for longer durations and with less efort. These

use compressed air springs mounted on the arm itself to provide gravity compensation in

conjunction with a cam.

2.1.3 Gravity Compensation with pulleys

In this category, pulley is playing as the leading role in the gravity compensation mecha-

nisms. For instance, the compensation mechanism for lower limb rehabilitation [6], depicted

in Figure 2.8, contains springs, pulleys, and gears. It established a safer system with spring-

pulley power supply structures embedded in the link body, which inspired the use of a

pulley-spring structure and safe cover. When the joint shaft rotates angle θ, pulley 1 will ro-

tate clockwise while pulley 2 rotate counter-clockwise by same angle. Crossing wire wrapped
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(a) Levitate AIRFRAME

(b) shoulderX

(c) Ekso Bionics Exoskeleton

Figure 2.7: Exoskeletons Applied in Industry
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around two pulleys with another spring hooked between them. Forces restored by the spring

will cause a moment around the shaft joint that balances the gravitational moment.

Figure 2.8: Gravity Compensation Mechanism from Paper [6]

Additionally, a passive, mechanical, and energy-conservative gravity compensation method

was proposed for manipulator designs [15], which includes springs, cam, and bar. The weight

of manipulators consume a big amount of energy while the development of motors are not

good enough to ignore the inluence from the structure within the system. This is why such

methods are necessary. The method depicted in Figure 2.9 was developed for single joint

compensation, which was made up of a spring-pulley structure. When there is force (m)

concentrated on the end of the link, elastic force produced by the spring will cause a counter

moment to balance the torque due to gravity. With known values (mg) and (L), variable

suitable pulley radius r along with angle θ was speciically discussed, and the derivation of

needed elastic coeicient k of the spring was achieved.
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Figure 2.9: A cable/pulley/spring compensation method 2.9

2.2 Conclusion

There are many mechanisms for gravity compensation, including conigurations of beams,

cams, pulleys, and springs. In almost all of these prior examples, researchers used gas springs

or metal springs to store energy, and used pulleys, gears, and links to transmit the power to

support the upper extremities. Since these devices are typically made of steel, they may be

relatively heavy. For wearable applications, we would like the entire system to be as light

as possible. As such, this thesis explores the idea of using stretchable polymers (rubber)

to store energy for gravity compensation instead of compressed air or metal springs. Also,

each part of the polymer spring can be used as energy storage element, which reduces the

space requirement for its elongation. This topic has not yet been researched in depth. We

further investigate the development of a passive actuator that can efectively assist the human

arm movements in work or daily life when in conjunction with a shoulder joint in an arm

exoskeleton.



Chapter 3

Problem Statement and Proposed

Solution

3.1 Motivation and Requirements

With the advancement of technology, interactions between humans and mechanisms have

become more common. In this context, a suitable assistive actuator was created, since it

could have a wide range of applications and could be used with a variety of devices. A

primary demand for the actuator is that it can provide enough energy to reduce the amount

of work that must be done by a human. In addition to satisfying the primary function, there

are some other characteristics that depend on the actual use conditions. This actuator is

aimed at people who are facing upper extremity problems because of work related repetitive

movements [9]. From this point of view, a long lasting, portable actuator is preferred. Then,

for the sake of easy operation, the actuator should be light-weight, reliable, and easy to use.

Furthermore, in consideration of economics, the actuator must be accessible for operation

and service, which means it is better to have a simple and passive mechanical design. In

summary, a design of passive, assistive mechanical device is quite suitable for it can provide

external forces directly and at the same time have a simple structure.

14
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3.2 Design Approach

Based on these conditions, there were roughly three steps before determining the inal

version of the actuator during the design process. Our initial idea was to use a power supply

structure on the back of a worker to provide enough energy to upper arms. Speciic details

for this idea are shown in Figure 3.1. On the horizontal rectangular aluminum piece (main

piece), a plastic pulley and a small vertical rectangular aluminum piece (ixture end) are

ixed on both ends and connected by a spring. The plastic pulley is placed coincident with

the shoulder joint, so it is called the shoulder pulley. Also, a rectangular delrin piece is ixed

with the shoulder pulley at one end, and attached with webbing to the upper arm to lift it.

Along with the arm movements, the rotation of shoulder pulley will stretch the spring to

produce elastic force. Furthermore, to prevent the whole device from shifting on the user, a

waist belt is connected to the bottom end of a vertical aluminum piece.

Main piece

Shoulder pulley

Delrin pieceVertical piece

Waist belt

Spring

Fixture end

Ribbed webbing

Figure 3.1: First Version of the Design

Initial testing showed that this design is able to provide good support for the upper

extremity only when the arm moves in the frontal plane; it resists motion when the arm

moves forward and backward. In addition, the whole device is too big and inconvenient.

Therefore, a second plan was proposed. Rather than using one device which included a power
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supply structure and arm assistance function, creating a small size and simpliied actuator

was more lexible and reduced the complexity. As shown in Figure 3.2, a portable power

supply structure is placed at the lower back, connecting with the arm exoskeleton through

the shoulder pulley and a Bowden cable. To satisfy all the requirements as discussed in

the background section, a careful design of the power supply structure was quite important.

This design and the associated analysis are the focus of the remainder of this thesis.

Fc

Shoulder pulley

Arm exoskeleton

Actuator

Figure 3.2: Second version of the design, which is the concept for the resulting solution.

In consideration of the actuator volume and output requirements, the energy storage

system inside cannot be just a single spring as depicted in Figure 3.2. Following our analysis,

the inal structure of the actuator designed in this thesis is depicted in Figure 3.3b. The

inal design includes two pulleys with an elastic band surrounding them, and a cable wrapped

around a third pulley that extends up to the shoulder. For the sake of human safety, the

structure is enclosed inside an aluminum cover.
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(a) The gravity compensation passive actuator devel-

oped in this thesis.

(b) The Actuator with Half of its Cover Removed

3.3 Hypotheses

Following our design ideas and literature review, we hypothesize that:

• A gravity-compensation structure based on elastomers as opposed to metal or gas

springs will provide torques to support more than 50% of the arm’s weight at the

shoulder.

• A structure based on two rotating pulleys will combine with the nonlinear elastomer

force-displacement relationship to create an appropriate torque-angle relationship to

support the shoulder.



Chapter 4

Design Analysis of Gravity

Compensation Structure

4.1 Introduction

The gravity compensation actuator is designed for weight lifting in conjunction with a

wearable arm exoskeleton. One of the important goals of this design is to provide enough

force to support the weight of the arm, while keeping the passive actuator small, light

and portable. To realize this goal, this chapter discusses: analysis of the required shoulder

torque to lift the whole arm; the design steps of pulley-rubber structure, including the rubber

selection and the designs of the pulleys. The actuator is made up of a few parts, including:

the rubber-pulley system, with the function of storing energy; the linkage part, which will

be referred as the pulley-cable system and which is used to transmit the power from the

actuator to the arm exoskeleton; and the safety stop piece, which is designed to prevent

sudden power loss at the extreme condition where the combination of pulley 2 and 3 rotates

over 180◦. Analytical computational procedures which were used to verify the inal design

are also contained in this chapter.

18
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4.2 Energy and Torque of Lifting Arm

Before determining the actuator structure, the calculations about the energy needed to

lift the entire arm must be completed. In this analysis, we only consider the quasi-static

motion of the arm, and aim to remove the efects of gravity from a person’s arm. The

shoulder pulley as depicted in Figure 4.1 has cable which comes out of the actuator wrapped

around it, then the cable connects with an arm exoskeleton. The annotation rsp means the

radius of shoulder pulley, Fc means the cable force, and θ is the angle between the centerline

of the arm and the vertical line. With the support from the actuator, an arm exoskeleton

will ofset the weight of the upper extremity when the arm rotates from θ = 0◦ to 180◦. To

hold the arm at some position, it is important to create a torque around the shoulder. Thus,

kinematic analysis about the arm is necessary.

L2

L3

✁

Actuator

l

Figure 4.1: Free Body Diagram of Spreading Human Arm.

According to the segment weight data from de Leva [33], the weight of upper arm, forearm
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Table 4.1: Table of kinematic analysis parameters

and hand are 2.71%, 1.62%, and 0.6% of the total weight of a person. When achieving the

free body diagram of human arm, analysis of the required torque and energy were inished to

help ind the values of cable force, and then the category of elastic material and the design

of actuator were determined. According to the Table 4.1, torque acquired to lift the arm can

be calculated as:

Ta = (L1 × w1 + L2 × w2 + L3 × w3)× sin θ (4.1)

To achieve the exerted cable force Fc, apply the condition that all torques are balanced:

Fc ×rsp = Ta (4.2)

Fc =
(L1 × w1 + L2 × w2 + L3 × w3)× sin θ

rsp
(4.3)

Fc =
0.3408× 26.46 + 0.2699× 15.876 + 0.1937× 5.978

rsp
(4.4)

Fc =
0.3408× 26.46 + 0.2699× 15.876 + 0.1937× 5.978

rsp
(4.5)

What can be observed from the equations is the condition that the maximum force of

cable provided by the actuator occurs when lifting the arm at the horizontal position, in other

words, when θ = 90◦. The magnitude of the cable force can be adjusted by the selection of

shoulder pulley. When the radius of shoulder pulley becomes bigger, the upper limit of cable
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force is decreased, which would allow size reduction of actuator structure. For the sake of

human body comfort and security, the radius of shoulder pulley must be kept in the range

of 2 cm to 3 cm, thus, value 2.5 cm is chosen to be the radius of shoulder pulley and added

in the Equation 4.3. Therefore, the maximum cable force can be calculated as:

Fmaxc =
(L1 × w1 + L2 × w2 + L3 × w3)× sin 90◦

0.025
= 642N (4.6)

Figure 4.2: Arm Torque required to lift the arm.
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Figure 4.3: Cable Force required to lift the arm.

Cable force and arm torque can be calculated by using Equations 4.1 and 4.3, and how

they vary along with the arm movements can be observed from Figure 4.2 and 4.3, which

were analyzed in MATLAB. To meet the basic requirement, the maximum force that the

actuator can supply should be comparable to the maximum cable force. Therefore, all the

analyses discussed in this chapter will be used to determine the design of pulley-rubber

structure.

The design of the actuator in the rest of this thesis assumes that a shoulder exoskeleton

will have a circular pulley of radius rsp as shown in Figure 4.1. The actuator will produce a

force that, in combination with this pulley, will create an appropriate torque at the shoulder.
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4.3 Design Analysis of the Gravity Compensation Ac-

tuator

4.3.1 Overall Design of Gravity Compensation Structure

Figure 4.4: Principle of the Basic Structure within the Actuator
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An overview of the proposed actuator is shown in Figure 4.4. Pulley 1 and pulley 2

are surrounded by an elastic belt; pulley 3 has a cable wrapped around it, and the cable

comes out of the actuator from the right side and connects with an external arm exoskeleton.

When there are arm movements, the cable will transmit the force to the actuator and lead

the rotation of pulley 3. The elastic belt will be stretched to produce elastic force to balance

the cable force. The image with Step 2 shows the actuator when the belt is stretched only a

small amount, corresponding to the wearer’s arm being nearly vertical up. Step 4 shows the

belt is stretched and pulley 2 rotates 90◦, corresponding to the wearer’s arm being nearly

horizontal. Step 6 shows the belt is stretched and pulley 2 rotates 180◦, corresponding to

the wearer’s arm nearly drops.

4.3.2 Kinematic Analysis and Design Calculations

Since the main structure of the actuator is determined, the next step is to discuss the

speciic dimensions of each part. In this section we analyze these dimensions and the re-

lationships between them. A geometric sketch of the structure is shown in Figure 4.5. To

determine the belt length and required stifness, main dimensions of the structure that must

be chosen include the distance (D) between the centers of pulley 1 and pulley 3, the diameter

(d) of pulley 1 and pulley 2, and the distance (L0) between the centers of pulley 2 and pulley

3.
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B
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0

d

d

L
2

h

D

Pulley 1

Pulley 3

Pulley 2

Rubber Belt

Figure 4.5: Sketch of Pulley-Rubber Structure

First, for the ease of calculation, it is appropriate to maintain the synchronous rotations

of pulley 3 and the shoulder pulley. They were designed to have the same size, namely

r3 = rsp = 25mm. A diferent size of this pulley could be used in the future for diferent

sizes of people, so long as r3 = rsp. There are other four values (D), (d), (Lp), and (L0)

unknown. Among them, (Lp) will change along with the change of angle α and β during the

rotation. Diferent value selections will inluence the performance of the actuator. To choose

the inal values, the relationships between diferent variables can be determined through

geometric analyses.

Figure 4.6 indicates the mathematical analysis of structure movements. (Lp) is the dis-

tance between centers of pulley 1 and pulley 2. Eq(4.7) indicates how the distance (Lp)

changes along with the rotation angle α. Value (Lb) represents the total elastic belt length

and can be calculated by Equation 4.11. Value (L0) is the distance between BC. (D) is the

distance between AB, which can be represented by the pulley 1 diameter (d) plus L0 and

plus lgap. lgap is a ixed, artiicially set value that represents the shortest interval between

pulley 1 and pulley 2 to create a bufer zone. Minimize the value of lgap is able to minimize
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the total actuator length, and 9 mm is chosen as the value in case of manufacturing errors.

Lp

B

C

B

C

D

L0

✁

�

D

Lp

L0

✂ ee  

✂ ee  

Figure 4.6: Mathematical Analysis of Structure Movements.

Lp =
√

(D − L0 × cos(α))2 + (L0 × sin(α))2 (4.7)

D = d+ lgap + L0 (4.8)

Lp =
√

((d+ lgap + L0)− L0 × cosα)2 + (L0 × sinα)2 (4.9)

Lmax = (L0 + d)× 2 + lgap (4.10)

Lb = d× π + 2× Lp (4.11)

To ind out how the parameters inluence the actuator functions, kinematic analyses are

needed. According to the sketch in Figure 4.7, we apply the condition that all torques are

balanced, then derived equations below:
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Figure 4.7: Free Body Diagram of Combination of Pulley 2 and 3.

Fc ×r3 + F1 × L1 = F2 × L2 (4.12)

Fe = F1 = F2 (4.13)

Fe =
Fc × r3
L2 − L1

(4.14)

k =
Fe

∆Lb

(4.15)

(4.16)

Equation 4.14 and 4.15 indicated how the needed cable force inluenced the requirements

of the belt elastic force and the selection of materials. Fc is the cable force, F1 and F2 are

the elastic force of the belt, and (△Lb) is the increased length of belt during the stretch.
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sin β =
h

Lp

=
L0 × sinα

Lp

(4.17)

sinβ =
r

AE
AE =

r

sinβ
(4.18)

AB = AE − BE, BE = AE − AB, AB = D (4.19)

Fe =
Fc × r3
L2 − L1

(4.20)

sin β =
L1

BE
=

L1

AE − AB
(4.21)

L1 = sin β × (AE − AB) =
L0 × sinα

Lp

× [
r × Lp

L0 × sinα
−D] (4.22)

L1 + L2 = d, L2 − L1 = d− 2× L1 (4.23)

L2 − L1 = d−
2× L0 × sinα

Lp

× [
r × Lp

L0 × sinα
−D] =

2×D × L0 × sinα

Lp

(4.24)

△Lb = Lb(α)− Lb(α = 0◦) = 2× Lp − 2× (D − L0) (4.25)

k =
Fe

△Lb

=
Fc × r3

(L2 − L1)×△Lb

=
Fc × r3 × Lp

(Lp −D + L0)× 4×D × L0 × sinα
(4.26)

Fc =
4× k ×D × L0 × sinα× (Lp −D + L0)

r3 × Lp

(4.27)

The preceding equations show the derivation of the relationship between the various

values and how they change along with the rotation of pulleys 2 and 3. Equation 4.26 and

4.27 indicate how values (d) and (L0) inluence the output force of the actuator and the

needed elastic coeicient k to balance the arm torque.
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4.3.3 Analysis of how the structure size impacts belt spring con-

stant

Given the kinematic relationships of the structure, we next analyze how these variables

impact the required spring constant of the rubber belt.

Figure 4.8: How Diameter d Inluences Needed Belt k

Figure 4.9: How Diameter d Inluences Actuator Output Force, k=4550 N/m
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Figure 4.8 and 4.9 indicate how value (d) inluences the output force of the actuator Fc

and the required elastic coeicient k. Three values d = 56, 76, 96 mm were substituted into

Equation 4.26 and 4.27 with corresponding ixed values L0 = 18, 24, 30 mm. In the pictures,

calculated results implied that value d only has a small efect on k and Fc. As d gets bigger,

the needed k gets larger and can produce a larger Fc value at a slightly smaller angle α.

Figure 4.10: How L0 Inluences Needed Belt k

Figure 4.11: How L0 Inluences Actuator Output Force, k = 4550N/m
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L0 is the distance between the centers of pulley 2 and pulley 3. Figure 4.10 and 4.11

indicated how L0 inluenced the output force of the actuator Fc and the needed elastic

coeicient k with a ixed value d=76mm. In the pictures, calculated results implied that L0

has a strong inluence on k and Fc. As L0 gets bigger, the needed k gets much smaller and

can produce a larger Fc value.

4.3.4 Analysis of how the structure size impacts belt lengths

Figure 4.12 and Figure 4.13 indicate how L0 inluences the belt length. When L0 gets

larger, the initial belt length will increase and the total strain will become larger during the

working process (when α rotates from 0◦ to 180◦).

Figure 4.12: How L0 Inluences The Rubber Belt Length
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Figure 4.13: How L0 Inluences the Stretched Belt Length

4.3.5 Validation of Derived Equations

After completing the kinematic analysis of the force and torque, Equation 4.14 indicates

the relationship between elastic force and other diferent dimensions. Cable force and the

radius of pulley 3 are known, since both values of numerator are decided, the diference in

length between L1 and L2 becomes the key factor that inluences the elastic force.

In order to validate the derived equations, simulations were performed in SOLIDWORKS

using a 2D drawing. Table 4.2 shows the simulation result of how diferent parameters change

during the rotation process. The simulation used the dimensions from the sketch of pulley-

rubber structure in Figure 4.16. Ideal k values to balance the cable force within the range

of α = 0◦ to 180◦ were represented in Figure 4.14, which were achieved by substituting the

data from Table 4.2 into the Equation 4.14 and 4.15. If the belt installed inside the actuator

has the ideal k values, the output force of the actuator can exactly match the needed cable

force as calculated in Figure 4.2. However, due to the fact that the shape of the curve

resulting form the basic structure with 3 pulleys and the belt has a small output force at

low α values, in this region, a very large required k is computed. In reality, k value depends

on the material properties of the belt and will vary only slightly as stretched. As will be
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Table 4.2: Table of Parameter Variation during Rotation Simulation.

seen in Figure 5.16 in Chapter 5.3.1, polymer spring has a nonlinear k that is larger at small

delections, making those materials closer to the desire k than a metal spring.

These values in Table 4.2 were then compared to the computed values from the derived

equations in Chapter 4.3.2 to verify the accuracy of the derived equations. The comparisons

of simulated results and the equation results are depicted in Figure 4.15, which imply that

the derived equations were correct.
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Figure 4.14: Simulated Ideal Elastic Coeicient during Rotation Process.

Figure 4.15: Results Comparison of Simulation and Equations, d = 76 mm L0 = 30 mm.
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Table 4.3: Table of How L0 and d Values Inluence the Actuator Size.

4.3.6 Selection of Final Actuator Dimensions

As designed in Figure 4.5, pulley 1 and pulley 2 have the same diameter (d). Also, for

the sake of tightening pulley 2 and 3, a 1/4” inch screw will be used at point (B) to ix the

combination. Thus, the equation L0+ lb ≤ d is determined, where lb is the distance between

point (B) to the edge of pulley 2 to secure the combination. In consideration of the 1/4”

inch screw at point (B), lb ≥ 8mm. We would like to size the actuator so it can it on the

wearer’s torso. To achieve this, the size of the actuator can be roughly restricted to be less

than 320 mm × 150 mm × 100 mm. The maximum length of the basic structure occurs

when the combination of pulley 2 and pulley 3 rotates nearly 180◦. At this point, the entire

structure has width 2× (L0+d)+ lgap, where lgap is the distance between pulley 1 and pulley

2 when α = 0◦. For the rest of this design, we chose lgap = 9 mm. After comparing the L0

and d values in Table 4.3, d = 76 mm, D = 115 mm, and L0 = 30 mm were chosen to be

the dimensions. A structure with these speciic values is shown in Figure 4.16.
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Lp

B

C

Figure 4.16: Sketch of Pulley-Rubber Structure with Speciic Values.

4.3.7 Elastic Coeicient Selection

To identify further information of pulley-rubber structure, data from Table 4.2 can be

used to calculate the elastic coeicient k, where α is the rotation angle of pulley 2. Sub-

stituting the value △L in Equation 4.14 and 4.15, the elongation range of rubber belt is

between 0 to 4L0, namely 0 to 120 mm. Figure 4.14 shows the results of k values which

can meet all the kinematic requirements at any condition during the rotation process. The

structure requires a nonlinear spring. However, the ideal k value before rotating 80◦ is too

large and there are no general rubber materials that can satisfy the requirement. Instead, a

better solution is choosing the elastic coeicient k that can make the arm balanced around

the horizontal position (α = 90◦). Two ways can be used to help determine the value.

When α = 90◦, L2 − L1 = 0.058mm (4.28)

Fe90 =
642N × 0.025m

0.058m
= 272.77N (4.29)
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k90 =
Fe90

△x
=

272.77

0.0677
= 4029.1N/m (4.30)

Figure 4.17: Comparison between desired cable force and simulated cable force for the pro-
posed mechanism.

Figure 4.18: k= 4550 N/m, Comparison between desired cable force and simulated cable
force for the proposed mechanism.
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The calculated results from Equation 4.30 indicate that to make the arm balance in

the horizontal position, the selection of elastic coeicient k must be bigger than 4030 N/m.

In addition, we selected eight values that increase in sequence from 1000 to 8000 N/m

evenly, substituted the data set in Equation 4.14 to achieve the simulated cable force, and

then compared the simulations with the needed cable force. The contrast plot in Figure

4.17 implies a rough predication that when k is chosen between 4000 N/m to 5000 N/m,

the actuator can provide enough force to make the arm stable between 70◦ to 90◦. To

speciically justify the assumption, k=4550 N/m was selected, and the comparison between

the simulated cable force with the needed cable force is shown in Figure 4.18. This shows

that the actuator is strong enough to support the arm when the rotation angle α = 80◦.

All the basic dimensions of the structure are now determined and the analysis of the

elastic coeicient k was completed. The reasons why it is appropriate to use an elastic belt

instead of a metal spring can now be discussed in detail. First, the elongation of the elastic

object was set to be 120 mm. Diferent from a belt, when using a spring as the elastic object

there cannot be interference between the spring and pulleys, which will cause the size of

the actuator to increase. Second, the analysis about k indicated that an non-linear elastic

object is preferred and to maintain the arm stable around horizontal line, the k value at

least should be 4030 N/m (23 lbs./inch). On the other hand, to prevent the elastic object

breaking, the selected object must be able to bear the maximum stretched force near 640 N.

After searching the products from the Mcmaster, the suitable springs made of steel or piano

wire were found to not meet the small size and light weight requirements. This led to the

investigation of using rubber materials to provide energy storage.

All in all, the existence of reasonable k values indicates the assigned dimensions about

the pulley-rubber structure are feasible.
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4.3.8 Methods to Match the Actuator Output with the Needed

Cable Force

The goal of the whole design is about developing an useful actuator for arm gravity

compensation. However, the former discussions indicate that there are diferences between

the actuator output and the needed cable force at diferent angles. For example, comparing

the simulated cable force with the needed cable force as shown in Figure 4.18, the simulated

actuator force is very low at values of α < 40◦, and it is higher than the required force for

values of α > 90◦. In this plot, the maximum diference between the two curves is 259 N and

occurs when α ≈ 40◦. Another way to quantify the diference is to compute the root mean

square (RMS) of the diference between the curves, namely

RMS =

√

√

√

√

1

N

N
∑

i=1

(Frequired,i − Factuator,i)2 (4.31)

where Frequired is the required cable force, Factuator is the simulated actuator force, and

the sum is over N points where the forces are compared. In this example, there are 181 force

points corresponding to α = 0◦ to 180◦. With N = 181, the RMS value is 172.4.

One method to reduce the errors between the required force and actuator force is to

change the cable length between the shoulder pulley and pulley 3. This will shift the actuator

output forces so that they begin and end at with an ofset in the angle α. When the cable

length is reduced l = 20
◦
×2×π×r3
360◦

= 8.73mm, the graph of the actuator output is shifted 20◦ to

the left (towards smaller values of α). Speciically, this corresponds to pulley 2 being already

rotated α = 20◦ and there being a small cable force when the arm is oriented vertically

with the hand up. The new comparison between the simulated cable force and the needed

cable force is shown in Figure 4.19. In this condition, the maximum cable force diference is

about 220 N, which occurs when α ≈ 180◦, θ ≈ 160◦, and the calculated root mean square

(RMS) is 100.3. The reduced RMS value and reduced maximum diference indicate that this

method is efective in making the curves match more closely.



Chen Tang Chapter 4. Design Analysis of Gravity Compensation Structure 40

rs

Figure 4.19: New comparison between the needed cable force and simulated cable force
when reducing the cable length between the shoulder pulley and Pulley 3.

Another method to scale and shift the actuator output forces to match the needed cable

force is to change the radius of pulley 3 relative to the radius of the shoulder pulley, while

keeping the rest of the components unchanged. Making the radii of the shoulder pulley and

pulley 3 unequal creates a gear ratio between the two pulleys. When pulley 3 rotates 180◦,

the shoulder pulley will rotate a larger or smaller amount depending on the gear ratio. To

reduce the impact of the very low forces from the actuator output at small angles of α, it is

desirable to have the shoulder pulley smaller than pulley 3. Then, the actuator output from

30◦ < α < 180◦ can be mapped to the shoulder rotation angle θ from 0◦ to 180◦. This can

be combined with the previous method of changing the cable length between pulley 3 and

the shoulder pulley. In general, when the arm rotates θ, pulley 3 rotates through an angle

α = rsp
r3
θ.

For example, when the radius of the shoulder pulley is decreased from 25 mm to 19.5 mm,

and there is an additional shift of 50.77 degrees, this results in torque around the shoulder

pulley shown in Figure 4.20. This simulation used k = 4680 N/m so that the peak torque

from the actuator output matched the required torque. In this simulation, the scaling and
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shift of the output maps the original actuator output between α = 39.6◦ and α = 180◦ to

the shoulder angle θ = 0◦ to θ = 180◦. With this scaling and shift, the actuator output

matches the required shoulder torque with a maximum diference of 3 N · m at 0 degrees,

and an RMS diference of 0.72.

Figure 4.20: New comparison between required torque at the shoulder and the new simulated
torque from the cable when changing the size of the shoulder pulley to rsp = 19.5mm, while
the actuator pulley 3 remains r3 = 25mm, and a cable length reduction to correspond to a
shift of 50.77 degrees.

In this section we have discussed methods of getting the actuator output force to align

more closely with that required to lift the arm. However, it is important to understand the

behavior of the basic actuator structure. As such, the rest of this thesis will deal with sizing

and testing the original structure.

4.3.9 Pulley Dimension Selection

Following the determination of the basic dimensions of the pulley and rubber structure,

the thicknesses of all pulleys are still unknown and speciic values will be discussed next.

While a pulley could be made to be any thickness with other fabrication methods, analyzing
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the thickness in terms of multiples of 1/4” leads to a more intuitive understanding. Addi-

tionally, the elastic belts are practically available only in multiples of 1/16” so it makes sense

to analyze their thickness in terms of multiples of this number. Among them, the number of

layers of acetal plastic will directly inluence the actuator size and weight while the number

of stacked rubber belts more depend on the material property. Thus, in this chapter, only

the stack number of pulleys will be discussed.

In the following analysis, variable m was used to represent the number of 1/4” pulleys

stacked to form the inal pulley thickness, and n represents the layers of 1/16” elastic belts

stacked to form the inal rubber belt. The rubber belt attaches to pulley 1 and pulley 2

during the rotation, which implies the belt width should ideally match the dimensions of

pulleys.

Next, the thickness will be discussed from the rubber belt standpoint. In the initial

condition when α = 0◦, the total length of belt is Lb(α = 0◦) = d × π + 2 × (D − L0) =

408.76mm. When pulley 2 rotates 180◦, the total stretched length is 4L0 = 120 mm. Thus,

the biggest strain during the work process is strain = 4L0/l = 29.36%.

Lb0(α = 0◦) = l = d× π + 2(D − L0) = 408.76mm (4.32)

A =
Fe× Lb0

E ×∆Lb

=
k0 × Lb0

E
, A = b× h (4.33)

b = 6.35×m (4.34)

h = 1.5875× n (4.35)

k0 =
Fe

∆Lb

N/m (4.36)

where

Fe is the desired elastic force of the belt to balance the cable force

E is the Young’s modulus

σ is the tensile strength

ε is the extensional strain
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F is the elastic force on rubber belt under tension

A is the actual cross-sectional area through which the force is applied

∆Lb is the amount by which the length of the belt changes

Lb is the total length of the belt

l is the original length of rubber belt

m is the number of thinner piece of pulley

n is the number of thinner layer of rubber

b is the width of the belt’s cross-section

h is the height of the belt’s cross-section

Figure 4.21: How Elastic Modulus Inluences the Cross-section Area, d=76 mm L0=30mm

Young’s modulus E can be calculated by dividing the tensile stress σ by the extensional

strain ε. Once the rubber belts are chosen, the elastic modulus is ixed. As the initial

belt length l = 408.76mm, △Lb = 2 × L0 = 120mm are known, the cross-section A will

be the only variable that can inluence the elastic force of the belt. Thus, analysis of how

the transversal surface of the belt inluences the elastic force was inished in MATLAB to

determine the size of pulleys and belts. Variable b is the width of the cross-section and

value h is the height of the cross-section. Analytical results are shown in Figure 4.21, which

indicates that as the stack number of thinner pulleys increase, the required layers of belts
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decrease. However, the weight of one thin pulley is heavier than one layer of rubber. Thus,

a rather good pair of b and h must below the line with blue circles as depicted in Figure

4.21, namely h < b. According to the analysis results, when E increases, the required A

decreases. To maintain the actuator in an appropriate size and weight, it is better to have

a smaller A. We choose E=12 MPa, select m=4, and the corresponding width h=6.02 mm,

which indicates a good pair. Thus, m = 4 is picked as an appropriate quantity, and there

will be four thinner pulleys stacked together with the total width of 25.4 mm. As for the

layer of belts, variable (n) will be discussed in Chapter 5 along with speciic polymers.



Chapter 5

Detailed Design of Actuator

In this chapter, we describe the detailed design of the gravity compensation actuator,

which includes: CAD of individual components and design optimization, manufacturing

process selection, and polymer selections.

5.1 Pulley Design

This section discusses the design of the frame and pulleys around which the rubber

is attached. As shown in Figure 5.1, 3D models were built in SOLIDWORKS to clearly

represent the design of pulley 1. Pulley 1 must be ixed inside the actuator and rotates

without interfering with other parts. To keep pulley 1 rotating smoothly while working, ball

bearings were embedded into either side of thinner pulleys. Also, six uniformly distributed,

threaded holes were placed in each thinner pulley, with the help of threaded screws and

locknuts, pulley 1 is integrated. For ease of fabrication, the design was cut out of layers of

acetal plastic (Delrin) on a laser cutter, stacked, and bolted together.

45
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Figure 5.1: 3D Model of Pulley 1.

Figure 5.2: 3D Model of Pulley 2.

As mentioned above, rubber belt is attached to pulley 1 and 2; before starting to design
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pulley 2, the primary problem is how to ix the belt. As depicted in Figure 5.2, a T-size

groove is designed on the circle. Both belt ends will be gathered together and inserted

into the groove, then squeezed and ixed by two lat clamps. The belt has to be kept in

the condition that both ends touch the bottom of the T groove while the belt sides remain

paralleled to the vertical inner walls of the groove. Also, it will be better to tighten the belt

at the initial condition in case of sliding.

Both ends of rubber belts are punched with two holes, and two threaded screws and two

locknuts are be used to ix the belt. Then, while the pulley 2 rotates, the touching areas

where sharp angles exist become the most vulnerable positions, hence illets were applied in

every sharp corner to reduce abrasion and material strain. Another point is pulley 3 and

pulley 2 are combined together and work as an whole, which requires same size screw holes

in both pulleys. Another ive screw holes were designed in pulley 2 to assemble the separate

thinner pulleys.

Figure 5.3: 3D Model of Pulley 3.

As shown in Figure 5.3, pulley 3 is made up of three thinner pulleys. The irst one is

attached to pulley 2, and acts as a wall to keep the cable on the pulley. It also includes a
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hole so the cable can pass through. The middle one has the same size as the shoulder pulley

with a radius of 25 mm; and the third one is almost the same as the irst one except does

not include cable hole. Screws through hole 1 and hole 2 connect pulley 2 and pulley 3; the

remaining three holes are used to assemble pulley 3.

Hole for cable

Hole 1 Hole 2

Figure 5.4: Front View of Assembly.
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Figure 5.5: Bottom View of Assembly.

The assembly of pulley 2 and pulley 3 is shown in Figure 5.4. During the process of

rotating, the rubber belt is always wrapped around pulley 2 and pulley 1 while pulley 3

connects to the shoulder pulley. Now the problem is how to balance the elastic force with

the cable force. The design of cable holes can help ix it. One end of the cable is ixed by a

brass stopper that is crimped onto the cable, and then inserted and placed inside the anterior

side of pulley 2; the other end of the cable goes through the cable hole, wraps around pulley

3 and then comes out of the actuator from the right side of the actuator to connect the

shoulder pulley. To prevent the cable from sliding, the two cable holes from the anterior side

of pulley 2 must be large enough to contain the cable stopper, while the cable holes form

the posterior side of pulley 2 remain the same size of the cable diameter.
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Pulley 2

Pulley 3

Pulley 1

Figure 5.6: 3D model of pulley-rubber structure.

Once the design of pulleys were inished, the rubber belt can be placed in the structure.

As presented in Figure 5.6, rubber belt wraps around pulley 1 and pulley 2 with two ends

ixed by two screws through lat clamps. In the irst place, rubber belt is tightly attached

to both pulleys and along with the arm movements, rubber belt gets stretched to produce

elastic force to balance the cable force.

5.1.1 Simulation of Speciic Actuator

Since the speciic design must clamp the rubber belt, it has a pulley that is not perfectly

circular. In this section we examine how its speciic shape afects the actuator’s behavior.
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Table 5.1: Table of Parameter Variation during Rotation Simulation in Speciic Structure.

Figure 5.7: Comparison of Needed Cable Force and Simulated Cable Force, k=4550 N/m

Variations in diferent parameters of the speciic structure are shown in Table 5.1, and

comparisons between the calculated required cable force with the simulated cable force of the

initial rough design and the speciic design are also shown in Figure 5.7. The plot indicates

that due to the shape diference of pulley 2, cable force produced by the speciic design(Figure
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5.6) is smaller than the rough design(Figure 4.16). The speciic structure is able to provide

force to hold the upper arm above the horizontal position.

5.2 Actuator Housing and Cable Connection

Stop piece

Front piece

Figure 5.8: Housing of actuator.

Figure 5.8 represents the housing of the actuator, which is mainly made up of four parts:

the front, back pieces and two side pieces. On one hand, ball bearings are placed inside

pulley 1 to reduce the friction between pulley and the supported shaft to guarantee smooth

rotation. On the other hand, to control the weight of the actuator, it is unnecessary to

manufacture pulley 3 in thick materials. However, the combination of pulley 2 and pulley

3 must rotate smoothly, which requires ball bearings insert into the front and back covers.

This makes the support shaft of the combination rotates together. Two side cover pieces

connect with the front and back pieces by screws. The cable will come out from the right
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side piece through the collar to connect the shoulder pulley.

Stop piece

Pulley 2

Figure 5.9: Stop piece.

After the analysis of pulley-rubber structure, elastic force will reach the peak point once

α equals 180◦. When pulley 2 rotates over 180◦, a sudden contraction of rubber belt will

occur and the elastic potential energy would rapidly decrease and disappear, which may

cause safety risks. In case of such conditions, a stop piece was made and placed above the

actuator. It stops pulley 2 at the extreme position and prevents rubber belt from sudden

contraction.

5.3 Rubber Selection

Since all dimensions in pulley-rubber structure are determined, the next step is to select

the proper polymer material. The actuator is designed for daily use in a general environment,

which means there is no extra temperature requirement. During the working process, the

rubber belt will be stretched repetitively to produce elastic force between two pulleys. This

requires the material to be tear resistant and abrasion resistant. In addition, low cost and
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easy replacement are also needed. From the McMaster-Carr website, nine kinds of polymer

materials were picked and tested, as depicted in Fig(5.10) and Figure 5.11.

Figure 5.10: Polymer Samples 1-4 for Tests. Sample 1: Multipurpose Neoprene Rubber,
70A. Sample 2: Multipurpose Neoprene Rubber, 60A. Sample 3: High Temperature Silicone
Rubber. Sample 4: Oil Resistant Rubber, 50A.

Figure 5.11: Polymer Samples 5-9 for Tests. Sample 5: Weather Resistant EPDM Rubber.
Sample 6: Abrasion Resistant Polyurethane Rubber, 90A. Sample 7: Economical Abrasion
Resistant SBR Rubber. Sample 8: Super Stretchable Natural Rubber. Sample 9: Abrasion
Resistant Polyurethane Rubber, 60A.

5.3.1 Polymer Testing

To accurately simulate the function of the actuator and optimize the design, material

property tests of the selected materials were quite important. As calculated in Chapter 4, the

width of rubber belt were determined as 25.4 mm. Thus, the goal of polymer tests aimed to

determine the polymer type and the thickness of actuator belt. First, 1.59 mm (1/16”) thick

and 25.4 mm (1”) wide polymer samples were prepared and tested on the Instron machine
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Table 5.2: Table of Tested Polymers.
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4204 from MTS with a 1 kN load cell. Both ends of the sample belt were clutched and fully

inserted into the grips, and left a length of 110 to 120 mm in between. Each sample belt

was tested four times to the strains of 10%, 26%, 50%, 100% at a speed of 70 mm/min.

Five repeated hysteresis trials were done in each test and there were 20 trials in total. Once

all sample belts were stretched to the maximum strain, they were returned to the initial

position with the same speed. All the data were collected and stored in computer, and all

sample belts were tested with the same process. Details about each polymer are shown in

Table 5.2.

As listed in the table, elastic modulus E and the belt energy loss percentage are the two

indexes to determine the optimal material for the belt, because the energy loss percentage

represents the stretch eiciency of the sample belt and the elastic modulus E has a big

inluence on the belt’s size. Since diferent polymers have similar tests results, polymer 6,

namely 90A abrasion-resistant polyurethane rubber, is selected to demonstrate the analysis

process. As depicted in Figure 5.12a, each trial of polymer 6 is included in this strain and

stress plot, the black lines represent the ive hysteresis trials within the strain from 0 to 26%.

For most polymers in the test, the irst trial in each test is somewhat separated from the

remaining four trials. Thus, the calculations about elastic modulus E were using the data

from the last four trials in each test through the Equation 5.1 and choosing the average

value. All the data for the calculations are shown in Figure 5.12b. The test results for the

other polymers are all shown in Figures 5.13 and 5.14.

F indicates the average value of the biggest elastic force of trial 2 to 5, and △x indicates

the corresponding average value of increased sample length of trial 2 to 5. (l) is the initial

length of the sample belt, and A is the cross-section of the sample belt. For polymer 6, in

the second test where the maximum strain=26%,

E =
F × l

A×△x
=

k × l

A
(5.1)

E6 =
σ

ε
=

F × l

A×△x
= 16.56 MPa (5.2)
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The calculations about energy loss percentage were using Equation 5.3 for each trial. In

Figure 5.12c, A1 indicted the area illed with diagonal lines, A2 indicted the area illed with

grids. The calculated results about the last four trials were quite close, and the analysis

results were also included in Table 5.2. Polymer 6, in the second test that the maximum

strain=26%,

First trial, p6(1) = (1−
A2

A1

)× 100% = 27.2% (5.3)

Second trial, p6(2) = (1−
A2

A1

)× 100% = 13.9% (5.4)

Third trial, p6(3) = (1−
A2

A1

)× 100% = 13.1% (5.5)

Fourth trial, p6(4) = (1−
A2

A1

)× 100% = 13.1% (5.6)

Fifth trial, p6(5) = (1−
A2

A1

)× 100% = 12.9% (5.7)
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(a) Strain & Stress Plot of Polymer 6

 1

(b) Tests Results of Polymer 6 With The Maximum Strain=26%

A�

A�

(c) Test Results of the Second Trial With The Maximum Strain=26%

Figure 5.12: Test Results of Polymer 6
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Figure 5.13: Test Results of Polymer 1 to 4.

Figure 5.14: Test Results of Polymers 5,7,8,9. The sample of polymer 9 was also tested in
a diferent test prior to this one, with diferent results; the former test results are included
in Appendix B.2
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Figure 5.15: Elastic Modulus E Comparisons of Each Polymer with the Desired Value.

After computing all the elastic modulus E with the same method shown in Equation 5.1,

these results were compared together to help determine the target one for the actuator. As

shown in Figure 5.15, the blue curve represents the relationship between cross-section A and

elastic modulus E at the position where α = 100◦. When E increases, the required A value

decreases. All the computed E of tested samples were also plotted in the igure, and the

comparisons indicated that polymer 6, namely 90A abrasion-resistant polyurethane rubber,

is the optimal one among all the samples. While this plot aids in selecting E, there must

be more analyses to help determine the belt dimensions. Even so, there is no doubt that

polymer 6 is the best choice in terms of belt category.

Thus, simulations about how polymer 6 will inluence the performance of the actuator

were completed. This is important because the polymer has a nonlinear k value, which

afects the resulting force-versus-angle curve. We simulated the actuator with the nonlinear

elastomer force measured with the Instron machine, instead of using a constant k value in

previous simulations in Chapter 4.3.7.

Since the maximum belt strain during the actuator movement is around 29%, the sim-
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ulation was done using the polymer 6 sample belt test data at 26% maximum extension to

calculate the elastic force ks, and substituting ks into Eq(5.11) to simulate the elastic coei-

cient ka of the actuator belt. Speciic ks values used in the calculations are shown in Figure

5.16. Because polymer 6 sample belt was not fully elastic, the maximum stretch strain was

close to 25% in reality. Those ks values are varying in the stretching process. Actuator

outputs are all computed using Equation 5.13.

l = 408.76mm, ls = 110.95, (5.8)

As = 25.4× 1.5875 = 39.69 mm2 (5.9)

E =
F × l

A×∆Lb

, k =
F

∆Lb

(5.10)

E6 =
ks × ls
As

=
ka × l

A
, ka = ks ×

ls
l
×

A

As

(5.11)

Fb = ka ×∆Lb, ∆L = L2 − L1 (5.12)

Foutput =
Fb ×∆L

r3
(5.13)

where

Foutput is the simulated actuator output force

Fb is the elastic force of actuator belt

E6 is the Young’s modulus of polymer 6

ks is the computed elastic coeicient by using the data from test 2, trial 2 of polymer 6

ka is the corresponding elastic coeicient for simulation computed from ks

ls is the initial length of polymer 6 test sample

F is the elastic force on rubber belt under tension

A is the cross-section of the actuator belt

As is the cross-section of polymer 6 test sample

r3 is the radius of pulley 3

∆Lb is the amount by which the length of the belt changes

Lb is the total length of the actuator belt
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Figure 5.16: Non-linear Elastic Coeicient ks of Polymer 6 from the Material Property
Tests.



Chapter 6

Results and Discussion

To determine the eiciency of the actuator and identify improvements that can be made

in the future, the performance of actuator must be tested when using the selected polymer

belt, namely 90A abrasion-resistant polyurethane rubber. In this chapter, all the actuator

tests aim to verify that the simulation about the passive actuator is correct, determine the

optimal dimensions of the belt, and discuss how the belt will alter the way the actuator

performs. Further details of the testing procedures and problems encountered during the

test are included in Appendix B.

6.1 Simulation of Actuator with Polymer Tests Data

To verify the accuracy of the simulation, two tests were performed with diferent thick-

nesses of polymer 6 belts installed in the actuator. As depicted in Table 6.1, both belts have

the same initial length of 408.76mm. The irst belt is 25.4 mm wide and 1.588 mm thick,

which corresponds to a 1/16” thick single layer of polymer 6. The second belt is 21.2 mm

wide, (1.588 × 3) mm thick, which can be treated as two and a half layers of the irst belt

stacked together.

Simulations shown in Figure 6.1 are computed using Equation 5.13, and it represents

the actuator output simulations in diferent polymer 6 belt size. For instance, the 1 layer

63
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Table 6.1: Table of Polymer 6 Belts for Actuator Tests.

simulation (red line) is used to simulate the actuator output with the irst belt, and the 2.5

layer simulation (black line) is used to simulate the actuator output with the second belt.

As compared to a constant k (Figure 4.17), simulations in Figure 6.1 still have the same

general shape. These simulations indicate the relationship between the actuator belt’s cross-

section (A) and the actuator output force. In fact, if (A) is ixed, regardless of the belt

shape, the simulations about the actuator output forces are all the same.

Figure 6.1: Simulation of Actuator with Polymer 6 (Rough Structure)
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6.2 Test Results of Actuator

All the tests were implemented by the same Instron machine with a 1 kN load cell. The

left side of the actuator was placed on the lower adapter and the wire end was ixed by the

upper adapter. The whole process was controlled by a computer. The actuator was tested

by the irst belt and the second belt. In each case three tests were conducted, and the tests

were named in test order. Among them, the irst and second tests only included extending

the cable, while the third test contained multiple extend-retract cycles.

6.2.1 Actuator Test Results with the First Polymer 6 Belt

Figure 6.2: Test Results of Actuator with the First Polymer 6 Belt

Figure 6.2 indicates the tests results of actuator using the irst polymer 6 belt (a single

layer, 1.588 mm thick). Similar to the calculation of sample belt energy loss in Fig(5.12c),

the actuator energy loss of the four cycles in the third test can be computed as

P = (1−
A2

A1

)× 100% (6.1)
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where P was 35.2%, 33.5%, 33.3%, and 33.2%, respectively, for cycles 1-4.

With repetitive stretches, the energy loss of the actuator is getting closer to 33%. Com-

paring this value to the energy loss percentage of the polymer 6 test sample as computed in

Equation 5.3, which was 13.25%, there is nearly a 20% diference between the them. This

indicates that there was friction loss between diferent components in the actuator during

its motion, such as between the belt and pulleys, and between the cable and pulleys. Likely

the bulk of this loss comes from the belt rubbing against pulleys 1 and 2 as it extends and

retracts.

6.2.2 Actuator Test Results with the Second Polymer 6 Belt

Figure 6.3: Test Results of Actuator with the Second Polymer 6 Belt

Figure 6.3 indicates the tests results of actuator installed by the second polymer 6 belt,

which had a thickness of (1.588× 3) mm. Using the same method to calculate the actuator

energy loss of the ive cycles in the third test, the test had losses of 34.1%, 32.9%, 32.7%,

32.7%, and 32.6%, respectively.

With repetitive stretches, the energy loss of the actuator with the second belt is around
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33%, which is quite similar to the actuator with the irst, thinner, belt. Similarly, there is

a nearly 20% diference between the results of this actuator test and polymer 6 belt tests,

which veriies the existence of friction loss between diferent components inside the actuator.

6.2.3 Actuator Test

Figure 6.4: Actuator Test with Polymer 6 Belt Installed

The actuator test aimed to analyze the capability of the actuator, to measure how much

force it can provide. Figure 6.4 depicts the same Instron machine after removing the wedge

grips. At the lower position, connective aluminum pieces were ixed at the left end of the

actuator, using a half inch rod placed through the aluminum piece and adapter. The other

end was ixed by a rod, which went through a hook that was built by a cable clamp. Then,

adjusting the space between the upper and lower couplings by using control panel, which

was placed at the bottom left, until the detected load equaled zero. Lifting speed and return
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(a) Adapter from Instron Machine (b) Connective Aluminum Pieces Fixed on Actuator

(c) Actuator is Fixed on The Adapter

Figure 6.5: How Actuator is Fixed on the Instron Machine.

speed were set the same as 65 mm/min. The maximum lifting distance was around 78 mm

that enabled pulley 3 rotate 180◦. When the test was inished, the load data and crosshead

moving distance were collected and stored in the computer.

6.2.4 Actuator Fixturing

In addition to material test, functional testing of the actuator was also quite important.

It can help determine the eiciency of the actuator and expose problems with the current

design. Before doing the tests, a primary task was building a connecting structure between
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the actuator and ixtures, with the purpose of maintaining the actuator in place during

the testing process. According to the adapter shape (Figure 6.5a) of the Instron machine,

connective aluminum pieces were designed to combine the lower base and the actuator(Figure

6.5b). With slots in either piece, the distance between the actuator and adapter can be

adjusted. The left side of the actuator was placed vertically on the lower adapter, the

actuator was tightly ixed with a half inch rod placed through the horizontal hole inside the

adapter, as shown in Figure 6.5c.

6.3 Discussion

Due to the pulley 2 and 3 mechanism as shown in Figure 4.7, when the pulley combination

rotates 180◦ the actuator belt will be stretched and increase 120 mm while the wire end will

be pulled out with the length of r3 × π = 78.54 mm, namely half circumference of pulley

3. Thus, transferring the experimental data of the pulled out wire end distance (larc) into

the corresponding rotation angle α by using Equation 6.2, the comparisons between the test

results and the simulation are depicted in Figure 6.6.

α =
larc × 360◦

π × 2× r3
(6.2)
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Figure 6.6: Comparison of Test Results(irst belt) and Simulation(1 layer)

For the actuator with the irst polymer 6 belt, the comparisons between simulations

and actuator test results are shown in Figure 6.6, which imply that when the actuator is

repetitively stretched, the outputs are getting closer to the simulated actuator output forces.

The simulation is from Figure 6.1. This also veriies the simulation method is quite reliable.

Figure 6.7: Comparison of the First Two Test Results(second belt) and Simulation(2.5 layers)
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Figure 6.8: Comparison of the Third Test Results(second belt) and Simulation(2.5 layers)

For the tests with the second (thicker) polymer 6 belt, comparisons between the 2.5

layers simulation and actuator test results are shown in Figures 6.7 and 6.8, which indicate

that when the actuator is repetitively stretched, the shape of the outputs is getting closer

to the simulated actuator output forces. The simulation is from Figure 6.1. Diferent from

the former comparison(Figure 6.6), there is an angle shift about 10◦ between the simulation

and test results. This is because the actuator belt was slightly loose, such that it was not

tightened at the beginning when α = 0◦ until α > 10◦. The similar cable force shape between

the simulation and actuator test results can also verify the reliability of simulation method.

The next step is to determine an optimal dimension for actuator belt that enables the

actuator to support the arm around the horizontal position. When using the current pulley-

rubber structure (Figure 5.6), according to the simulations shown in Figure 6.9: when using

2.2 layers of the polymer 6 belt (cross-section A = 2.2 × 1.5875 × 25.4 = 88.8 (mm2)),

the actuator is able to balance the arm around θ = 100◦; when using 2.5 layers of the

polymer 6 belt (cross-section A = 2.5×1.5875×25.4 = 100.8 (mm2)), the actuator is able to

balance the arm around θ = 85◦; and when using 3 layers of the polymer 6 belt (cross-section

A = 3×1.5875×25.4 = 121 (mm2)), the actuator is able to balance the arm around θ = 70◦.
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Therefore, selecting cross-section value (A) in the range of 88.8 (mm2) to 100.8 (mm2) for

the actuator belt will be a good option so that the actuator is able to balance the arm in the

horizontal position. An ofset can be included between the pulley 3 in the actuator and a

pulley located at the shoulder of an arm exoskeleton, thereby allowing the force versus angle

curve to shift to the left or right. This will allow the peak of the desired force to occur at

the same angle as the peak of the actuator force.

Figure 6.9: Comparisons of Simulations and Needed Cable Force



Chapter 7

Conclusion

A small, portable passive actuator was proposed for assistance of human upper extremity

to reduce the risk of repetitive strain injury and improve work eiciency. The maximum force

that the actuator can provide depends on the belt’s material and dimensions. According to

the actuator tests, when the actuator uses a 90A abrasion-resistant polyurethane rubber belt

with the dimensions of initial length of 408.76 mm and cross-section (A) is 40.3mm2, the

maximum force that the actuator can produce is near 300 N when pulley 2 rotates 110◦.

At this maximum output position, if the actuator is connected to a shoulder joint and an

arm exoskeleton, it can supply force to support approximately 50% of the arm’s weight. If

the actuator uses the same rubber belt with an initial length of 408.76 mm and a cross-

section (A) of 100.9mm2, the maximum force that the actuator can produce is near 720 N in

extension and 530N in retraction, which are roughly 112% and 83% of the torque required to

lift a human arm, respectively. The whole device can be easily constructed and maintained.

The pulley-rubber structure is the main body of the actuator with the function of pro-

ducing elastic force and connecting with other external devices. If the actuator is used with

a lexible shoulder joint and an arm exoskeleton, gravity compensation will be produced on

the upper extremity in conjunction with the arm movements.

73



Chen Tang Chapter 7. Conclusion 74

7.1 Recommendations

The components of the actuator can be divided into two types, those manufactured

and those purchased. Most of the purchased parts came from the website McMaster-Carr

(www.mcmaster.com). The purchased polymer materials are responsible for much of the

hysteresis in the actuator. However, the manufactured parts were built by diferent hand-

operated mechanical processes, and the manual manufacturing errors may afect the quality

of the assembly. All the pulleys were combined by diferent pieces that were manufactured

by laser cutting machine with accurate dimensions. But to assemble the diferent laser cut

pieces together, screws were used which may cause varying tolerances. Thus, it would be

better to manufacture each pulley as a whole with a CNC milling machine.

Additionally, the pulley-rubber structure was supported by an aluminum cover. Rather

thick pieces were selected to conservatively prevent actuator disintegration. The current

actuator is about 1.6 kg which is not light enough for wearable structures. Therefore, inite

element analysis is necessary to identify how light the structure can be made.

7.2 Future Work

There is still space to improve the passive actuator. The original goal of the actuator

was to assist the workers in industry who are facing the risk of occupational injuries due

to repetitive heavy work. An ideal actuator must be able to provide enough energy to

upper extremity with any arm movements at any time. According to the actuator tests

in Chapter 6, only simulations using polymer 6 material were veriied. The corresponding

inferred optimized range of cross-section (A) is between 88.8 to 100.8 mm2. Thus, the next

step is to look for other strong polymer materials that have properties comparable to those of

polymer 6. In addition, workers work for long hours everyday, it requires the actuator must

be light and small enough that it will not lead to exhaustion. Therefore, a reduction of the

actuator size and an optimization with respect to weight are important. Also, to make the

current actuator output forces perfectly match the needed cable force to balance the weight
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of human arm, the shape of the combination of pulley 2 and pulley 3 could be redesigned.

The new created cam element would have an appropriate contour, with a variable radius.

Additionally, the cable length between the actuator and a pulley on a shoulder exoskeleton

could be changed, and the diameter of the shoulder pulley could be made diferent than that

of pulley 3. Each of these techniques could be used to make the actuator output force match

the desired force proile more closely.

Since the passive actuator has been created, methods of connecting with external devices

must be developed. First, a suitable vest that the actuator can properly be mounted on

must be created. Also, the design of a lexible shoulder joint that is able to be mounted

on the same vest must be inalized. Then, a speciic design of the arm exoskeleton must be

created, or the output mechanism of the actuator can be modiied to work with other exist

arm exoskeleton products.
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Appendix A: Mechanism

Construction Details
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Figure A.1: Exploded View of pulley-rubber structure.
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Table A.1: Table of actuator housing.
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Figure A.2: Exploded View of actuator housing.
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Table A.2: Table of pulley-rubber structure.

Tables(A.2) and (A.1) contain the components speciication for purchased and manufac-

tured parts.
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Appendix B: Experimental Testing of

Polymers
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Figure B.1: Instron Machine 4204 from MTS.
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The tests about rubber belt and the actuator were implemented on an Instron machine

as shown in Figure B.1. The test equipment is Instron machine 4204 from MTS with the

maximum load of 1 kN. The whole test instrument can be divided into three parts: the

loading frame, containing the testing area which is used to run simple tensile and compressive

loading experiments; the control console, containing keys allow operator to easily control the

tests; and the computer, working as a peripheral recording device that used to collect, store,

and handle all the data.

B.1 Test Procedures

B.1.1 Material Tests

Figure B.2: Test of Polyurethane Belt
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To test the polyurethane material and actuator, diferent test procedures were developed.

Due to speciic information about the selected 9 kinds of materials were unknown, and the

calculations from Chapter 2 were used to roughly determine the dimensions of rubber belt,

which required accurate simulations for results discussions. These were the main reasons

why material property tests were important. In Figure B.2, upper and lower grip coupling

were connecting with wedge action grips. Both ends of the sample belt were clutched and

fully inserted into the grips, and left a length of 110 to 120 mm in between. The stretching

speed and return speed were the same with 70 mm/min. Every sample belt was stretched

to the strain of 10%, 26%, 50%, and 100% and returned to the original position. All the

data were collected and stored in computer. All sample belts were operated with the same

process.

B.1.2 Material Test of Polymer 9

Diferent from other 8 kinds of belt samples in the material tests, the polymer 9 sample

belt was acquired before the others and so was tested twice. The Figure B.3 depicts the irst

test results. In the test, both ends of the test belt were fully inserted into the grips, and

left a length of 110 mm in between. The cross-section of the belt was 1/16” thick and 1”

wide. The energy loss is around 24.5%. Notably, this is much larger than the energy loss

found in the second round of testing. The same polymer sample was used in both tests. It

is unknown why the results are so diferent between the two tests.
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Figure B.3: Test results of Polymer 9 before the inal material tests

B.2 Problems and solutions

During the actuator testing process, several unusual conditions occurred, which indicated

some of the initial problems with the actuator. The irst problem was that the components

of pulley 3 came loose and the cable became wedged between some of the layers of pulley 3.

The problem was solved when the components of pulley 3 were tightened.

The second problem was interference between pulley 2 and the screws holding on the stop

piece. As depicted in Figure B.5, what can be observed from the plots was that when the

cable end was pulled up and pulley 2 rotated nearly 150◦, there was a sudden stop. Pulley 2

was not stopped by the stop piece but instead by the locknuts of the screws holding on the

stop piece. After changing the orientation of those screws, this problem was solved.
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Figure B.4: Cable wedged into pulley 3
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Figure B.5: Interference during the test


