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Foreword to the
Ninth Edition

Our use of plastic parts and assemblies continues to grow as the properties of the
material grow and as the creativity of their designers generate new innovations.
Innovation relies on a solid foundation of knowledge and concepts and Designing
Plastic Parts for Assembly is a key element of this foundation for the engineer design-
ing in plastic. In the 9t edition Paul Tres adds useful information to keep the reliable
reference book up to date with these changes, including detailed failure analysis to
avoid future incidents.

In my own company, we have over 30 engineers trained in Mr.Tres’ courses and
keep several copies of the book on hand. This has served us well as we developed one
of the newest plastic assemblies: the Thermal Management Module. This unit
involves several types of plastic and fastening methods in a mechatronic assembly
that controls the flow of coolant to up to five areas of the car, including cylinder head,
engine block, heater, and turbo charger. This allows for a faster warm-up of the
engine, improving fuel economy and bringing heat to the passenger compartment
quickly in winter!

As you can imagine, such a device has numerous design challenges: all joints and
parts must be leak free, the sealing surfaces of the valves are critical, and it must
survive wild swings in temperature. It has a challenge for every chapter of Designing
Plastic Parts for Assembly! As industry continues to advance, it is critical to have
resources such as this on which to rely.

Wooster, Ohio Jeff Hemphill

2020-2021 President Society of Automotive Engineers (SAE)
Chief Technical Officer, Schaeffler Group USA Inc.
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From the invention of Bakelite to very recent natural fiber-reinforced polymers or
wood-reinforced plastics, our life is filled with plastics. Plastics have found their way
into our daily life so much that it has become difficult to imagine the world without
their presence. From tapes to bottles, pens to books, bicycles to spacecraft, plastics
have invaded the way we think about technology and have expanded our horizons of
invention, discoveries, and design. With plastics, a strong base has undoubtedly
been built for upcoming technologies to survive.

Plastics have shaped many careers, including mine. [ am currently working with
Tesla Motors Inc. with 14 years of experience as a Mechanical Design Engineer on a
Product Launch Team specializing in interiors of vehicles.

Plastics have varied applications. Students and engineers from various fields, wher-
ever plastics are used and applied, and industrial design engineers from every
industry would find this book useful as a guide and source of plastic design and
assembly knowledge. Understanding the physiology of plastics, the structure of the
polymers at a molecular level, their physical, mechanical, thermal, and chemical
properties, the effect of different factors like humidity, temperature, chemicals, and
UV radiation, etc., is extremely important to obtain the desired results after the parts
have been assembled, and for the assembly to function as intended.

This book summarizes various methods of critical plastic assembly like snap-fit
design, various types of welding, adhesive bonding, fastening, living hinges, in-mold
assemblies, and mating the parts using press fit, etc. The bottom-up approach of
creating the machine-assemblies for varied applications has always been the meth-
odology of design and manufacturing. Achieving the correct fit and finish of intended
assembly of plastic components for elegance, perceived quality, and ergonomic
usage requires in-depth knowledge of the behavioral science of plastics, and the
effect of their additives and impurities on the manufacturing process capabilities of
the plastics parts. Repeatability and reproducibility are of essence for any manufac-
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turing and assembly process too. This book also covers the statistical and calculative
part.

Case studies discussed in this book demonstrate the importance of applications of
basic mechanics and first principles. They will guide readers into a world of design
applications, the mistakes that industries have committed, and how designers would
have been able to avoid those. Appropriate root-cause analyses of the issues lead to
improved design iterations. Detailed observations and analysis of design failure
cases is exactly what sets this book series apart from any other plastic design book
or guides available elsewhere.

Mr. Tres, being an industry veteran, is extremely knowledgeable about plastic
molding and assembly processes himself. I've attended his seminar and 3-day course
for “Automotive Plastic Part Design”. Receiving guidance via his book on the topic is
a shear privilege for anyone who wants to work with plastics and their applications.
It gives me immense sense of pride to have received guidance from Mr. Tres via his
part design courses and books.

I look forward to more of his books on plastic design, manufacturing, and assembly.

Fremont, CA Neelam Kaswa

Staff Mechanical Design Engineer
Tesla Inc.



Foreword to the
First Edition

Knowing well the work and many special talents of Paul A. Tres, I take delight in the
opportunity to introduce his new book, Designing Plastic Parts for Assembly, and
recommend it to a broad range of readers. Material engineers, design and manu-
facturing engineers, graduate and under-graduate students, and all others with an
interest in design for assembly or plastic components development now have a
clearly written, method-oriented resource.

This practical book is an outgrowth of the like-named University of Wisconsin-
Madison course which is being offered nationally and internationally. Just as his
lectures in the course provide a detailed yet simplified discussion of material selec-
tion, manufacturing techniques, and assembly procedures, this book will make his
unique expertise and effective teaching method available to a much larger audience.

Mr. Tres’ highly successful instructional approach is evident throughout the book.
Combining fundamental facts with practical techniques and a down-to-earth phi-
losophy, he discusses in detail joint design and joint purpose, the geometry and na-
ture of the component parts, the type of loads involved, and other vital information
crucial to success in this dynamic field. Treatment of this material is at all times
practice-oriented and focuses on everyday problems and situations.

In addition to plastics, Mr. Tres has expert knowledge in computer software, having
directed the development of DuPont’s design software. The course at the University
of Wisconsin-Madison is indirectly an outgrowth of the software he designed for
living hinges and snap fits at DuPont.

Mr. Tres holds numerous patents in the plastics field. He is known worldwide for his
expertise in computer programming, manufacturing processes, material selection
and project management on both a national and international scale.

Most recently, Mr. Tres’ accomplishments have earned him the DuPont Automotive
Marketing Excellence Award as well as recognition in the 1994-1995 edition of
Who’s Who Worldwide.
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Whether you are just entering the field, or are a seasoned plastic parts designer,
Designing Plastic Parts for Assembly is an excellent tool that will facilitate cost-effec-
tive design decisions, and help to ensure that the plastic parts and products you
design stand up under use.

Madison, WI Dr. Donald E. Baxa

University of Wisconsin-Madison
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Figure 1.38 Stress-strain curve, metal vs. plastic

B 1.9 Creep

Plastic parts exhibit two important properties that can occur over long-term loading:
creep and stress relaxation.

1.9.1 Introduction

When a constant load is applied to a plastic part, it induces an internal stress. Over
time, the plastic will slowly deform to redistribute the internal energy within the
part. A test that measures this change is performed by applying a constant stress
over time. This time-related flow is called creep.

1.9.2 Creep Experiments

Figure 1.39 shows a creep experiment in which a specimen bar is held vertically
from one end. The original length of the bar is L. When a weight is hooked at the free
end of the bar, the load will immediately increase the length by an amount expressed
as AL at time = 0.



1.9 Creep

If the weight is left on the part for some time—for example, 1 year or 5 years—the end
of this time period is called time = end. During this time the specimen bar will
elongate further. This further increase in length, which is brought about by the time
factor rather than the weight, is called creep.

v+l

daaip

.

Constant stress <&

Figure 1.39 Creep experiment

1.9.3 Creep Curves

One of the best ways to demonstrate creep properties is through the use of isochro-
nous stress-strain curves (Fig. 1.40). Most of these are generated from several test
samples, each under a different degree of constant stress. After the appropriate load
is applied, the elongation of each sample is measured at various time intervals. The
data points for each time interval are connected to create isochronous stress-strain
curves. Because material properties are also temperature dependent, the tempera-
ture must be kept constant throughout the experiment.

Creep modulus is the modulus of a material at a given stress level and temperature
over a specified period of time. Creep modulus is expressed as

Stress (1.4)

© " Total Strain at time = end

Creep modulus is also called apparent modulus [188, 189]. These curves are usually
derived from constant-stress isochronous stress-strain curves. The curves are plots
of the creep (apparent) modulus of the resin as a function of time (Figs.1.41 and
1.42).
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Figure 1.41 Constant stress, strain vs. logarithmic time
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1.9.4 Stress-Relaxation

If the plastic part is subjected to a constant strain (or elongation) over time, the
amount of stress necessary to maintain that constant elongation will decrease. This
phenomenon is known as stress-relaxation.

Figure 1.43 shows a stress-relaxation experiment. It is very similar to the creep
experiment except that the weight of the load varies, decreasing over time as needed
to maintain L + AL at a constant length. The variance of the weight in an idealized
case should be continuous with instantaneous measurements. Because this is not
always possible, creep curves can be used if stress-relaxation curves are not avail-
able. In most cases a margin of error of 5-10% is acceptable.

-
>
'\

AL

Q m S a Figure 1.43
Stress-relaxation experiment

Stress-relaxation can be described as a gradual decrease in stress levels with time,
under a constant deformation or strain.
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Understanding
Safety Factors

B 2.1 What Is a Safety Factor

The safety factor is a measurement of a product’s ability to perform throughout its
life expectancy. Ideally, after the life expectancy has been reached, the product
should fail.

The safety factor of a bridge, for example, might be quantified with the number 10,
while the safety factor of an aircraft could be 4. A bridge might be expected to per-
form over hundreds or even thousands of years, while an airplane’s life expectancy
is considerably less. It should be noted that an aircraft with a safety factor of 10
would never leave the ground. Also, the precision of the product must be taken
into account. Aircraft parts are built to very precise tolerances, while a bridge’s
tolerances are comparatively high.

The safety factor is a coefficient the wise engineer has to take into consideration
when designing a part. This coefficient gives assurance that a part will not fail under
any operating conditions. In addition, it is proof that the material has been chosen
correctly for those operating conditions. It also covers imperfections from process-
ing of this material until it becomes a finished part. Safety factors can be divided into
several categories:

= design factor

= material property safety factor

= processing safety factor

= operating condition safety factor

It is important to note that these categories are interrelated, and that continuing
feedback to the design stage with regard to these safety factors is necessary.
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B 2.2 Using the Safety Factors

2.2.1 Design Safety Factors

This is the most important category, largely because the designer requires input
from all other categories. Material properties, processing, and operating conditions
must all be considered by the designer.

At the design stage the engineer will start by choosing a material and designing the
part to withstand external loading. If the finished product is expected to work under
various adverse operating conditions, the engineer will perform stress-analysis
calculus in order to ensure that the finished part will not fail throughout its life
cycle. Depending upon the type of loading that will be applied to the finished part,
design safety factors can be broken down into the following categories:

= design static safety factor
= design dynamic safety factor
= design time-related safety factor

Safety factors from other categories can be added at this stage.

NOTE: In the following design factor formulae, stress was chosen for convenience.
Related strain or forces can also be used.

2.2.1.1 Design Static Safety Factor

When external loads are applied statically, a relatively simple calculation is per-
formed and the safety factor is related to material allowable/permissible stress.

2.2.1.2 Design Dynamic Safety Factor

For cases where external loads are applied intermittently or in cycles, and the mate-
rial is subjected to fatigue, safety factors will be higher than static ones and design
stresses will be lower.

2.2.1.3 Design Time-Related Safety Factor

Creep and stress-relaxation are the most common time-related effects on thermo-
plastic polymers and are a major factor in determining the life expectancy of the
product. In order to forecast the life expectancy, we can apply the theory that initial
design safety factor decreases with time.

_ T Uttimate e —eng_ (2.1)

UAIlowablelichnd

In Fig. 2.1 the initial design (time = 0) safety factor n is greater than 1. Safety factor
n reaches 1 when the product fails (time = end).
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Figure 2.1 Creep

Product life expectancies vary between industries. Some products are expected to be
completely rebuilt or replaced after 10 years; others may be replaced after less than
one year. The safety factor is therefore determined by the norms (specifications) of
the industry.

For a new product in a new industry with no established product life expectancies,
testing the product and measuring the stress level for failure can determine a safety
factor. These values, measured against original material properties, will provide a
good starting point for establishing time-related safety factors.

2.2.2 Material Properties Safety Factor

If a safety factor can be estimated from experience, testing, or any other reliable

means, then the maximum allowable stress is defined as:
g

UAI]owab]e = % (22)

For snap-fitting and press-fitting calculations the material safety factor is based on

yield stress (or strain) because it is more accurate for the elastic region.
_ _vield (2.3)

nSnapFit/ PressFit
UAI]owable

For living-hinge calculations the material safety factor is based on ultimate stress.
— UUItimate (24)

nLiving Hinge
UA]lowable

This is more accurate for visco-elastic properties where large displacements and
plastic deformation often occur.

The two safety factors mentioned take into account the following characteristics:

= imperfections of the material

= inclusions

= voids

= RH content
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B 3.7 Poisson’s Ratio

Provided the material deformation is within the elastic range, the ratio of lateral to
longitudinal strains is constant, and the coefficient is called Poisson’s ratio (v, nu).

Lateral strain

(3.11)

B Longitudinal strain

In other words, stretching produces an elastic contraction in the two lateral direc-
tions. If an elastic strain produces no change in volume, the two lateral strains will
be equal to half the tensile strain times minus one (-1).

b

Figure 3.10
Dimensional change in only two of three directions

Under a tensile load, a test specimen increases (decreases for a compressive test) in
length by the amount AL and decreases in width (increases for a compressive test)
by the amount Ab. The related strains are:

AL

ELongitudinal = L

Ab

aLateral = b

(3.12)



3.7 Poisson’s Ratio

Poisson’s ratio varies between zero (0), where no lateral contraction is present, to
half (0.5) for which the contraction in width equals the elongation. In practice there
are no materials with Poisson’s ratio zero or half.

Table 3.1 Typical Poisson’s Ratio Values for Different Materials

Material Type Poisson’s Ratio at 0.2 in./min (5 mm/min) Strain Rate

ABS

Aluminum

Brass

Cast iron

Copper

High-density polyethylene
Lead

Polyamide

Polycarbonate

13% glass-reinforced polyamide
Polypropylene
Polysulfone

Steel

0.4155

0.34

0.37

0.25

0.35

0.35

0.45

0.38

0.38

0.347

0.431

0.37

0.29

The lateral variation in dimensions during the pull-down test is

Ab=b—b

(3.13)

Therefore, the ratio of lateral dimensional change to the longitudinal dimensional

change is
Ab

—__b_
AL

L

14

(3.14)

Or, by rewriting, the Poisson’s ratio is

&
V= Lateral

ELongitudinal

(3.15)
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B 3.8 Modulus of Elasticity

3.8.1 Young’s Modulus

The Young’s modulus or elastic modulus is typically defined as the slope of the stress/
strain curve at the origin.

The ratio between stress and strain is constant, obeying Hooke’s Law, within the
elasticity range of any material. This ratio is called Young’s modulus and is measured
in MPa or psi.

o _ Stress

= — = Constant (3.16)
¢  Strain

Hooke’s Law is generally applicable for most metals, thermoplastics, and thermo-
sets, within the limit of proportionality.

Young's modulus

Figure 3.11
&5 Young’s modulus

3.8.2 Tangent Modulus

The instantaneous tangent over the elasticity range of a stress/strain curve for a
thermoplastic or thermoset material gives a better approximation of the relation
between stress and strain. The stress/strain curve of most plastic materials has a
curved, elastic range (see Fig. 3.12). In these cases, the use of Young’s modulus is

difficult and less accurate.



Welding Techniques
for Plastics

There are many different methods for welding two parts together. All variables, such
as materials, design, and conditions under which the finished product will be used,
including cost of the process, must be considered when deciding which welding
technique should be employed.

Polymers can be melted, and therefore welded, using relatively little energy. Heat,
friction—even ultrasonic vibrations and radio frequencies—can be used to create the
melting necessary for a polymer weld. Welding methods include ultrasonic welding,
ultrasonic heat staking, hot plate welding, spin welding, vibration welding, and laser
welding. Welding requires no additional materials with one exception: electro-
magnetic welding, which requires bonding agent consumables.

B 5.1 Ultrasonic Welding

The principle behind ultrasonic welding technology is based on vibration. One of the
parts being assembled is vibrated against the other, stationary one. Heat generated
through vibration melts the materials at the joint interface to accomplish the weld.

Thermoplastics are the only polymers suited for this process. Thermoset materials
do not melt when reheated because of their intermolecular cross-links.

5.1.1 Ultrasonic Equipment

The type of equipment required for an ultrasonic welding process depends upon
the size of the manufacturing operation. The ultrasonic welding equipment require-
ments of a large-volume production environment will be different from those of a
small prototype operation. They will, however, be very similar in principle.

A typical ultrasonic welding system consists of a power supply, also referred to as an
ultrasonic generator; a converter, also known as a transducer; a booster; and a horn
(see Fig. 5.1). The horn is a metal bar designed to resonate at a certain frequency,
delivering the actual energy to the parts to be welded. The converter, booster, and
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horn are mounted inside a frame, which can slide along the stand, allowing them to
travel vertically under the power of a pneumatic cylinder. The pressure applied by
the air cylinder can be preset for manual systems or fully controlled by a computer
for automatic systems. The pressure, trigger pressure, stroke speed, and stroke
travel are all adjustable through the control panel or by the computer. The two palm
buttons are used by the operator to activate the machine.

Transducer

Booster

Horn

Plastic
Parts

Fixture

Figure 5.1
Ultrasonic welder

To generate the necessary amount of vibration required for a particular assembly, an
electrical current is passed through a stack of crystalline ceramic material that
possesses piezoelectric properties, which allow the material to change its size. The
electric power supply has a frequency of 50 to 60 Hz. Once an electric current is
applied, the material expands and contracts at a very high frequency, converting
the electrical energy into mechanical energy or vibrations. These vibrations occur
with frequencies ranging from 15 to 70 kHz. The most common output in ultrasonic
welding systems provides frequencies of 20 to 40 kHz.

The distance the mechanical vibrations travel back and forth is called the amplitude.
A typical converter of 20 kHz could have amplitudes of 0.013 to 0.02 mm (0.0006 to
0.0008 in.) between its maximum expansions and contractions.
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Figure 5.2 Ultrasonic welder HiQ Dialog also includes software to control and operate the
welding process and machine functions, having the additional capability of welding visualization
in two graphic modes: EasySelect and Expert mode (Courtesy of Herrmann Ultrasonics)

There are different types of ultrasonic welding systems for different applications. An
integrated welder (see Fig. 5.1) is a self-contained unit, which has a power supply,
actuator, and the acoustic components packaged as a stand-alone system. Advan-
tages of this type of system include low investment cost and ease of service.

Modular systems include, in addition to the welder, a rotary indexing table and an
in-line conveyor. These systems are ideal for assembling large numbers of parts.
Also, their components are interchangeable and easy to upgrade.
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For the torsional ultrasonic welding process, the cycle times are comparable to regu-
lar axial welding. The system is used for sensitive components such as electronic
assemblies, in which integrated circuits are enclosed polymer components assem-
bled with a very thin film or membrane, and automotive crankshaft pulse sensors.

Components designed for this new process can use thinner wall thicknesses be-
cause no marks will permeate to the show surface. Typically, the design should
incorporate an energy-director joint design even for crystalline polymers. For auto-
motive components such as bumpers, fascias, and even cowl vents, the wall thick-
ness of the actual part can be reduced by as much as 20% when compared to classic
axial ultrasonic welding, without marking the automotive painted class-A surfaces,
or even molded-in color class-A surfaces.

Figure 5.24 Detail of torsional ultrasonic sonotrode

The reduced wall stock results in significant reductions in weight—which nowadays
is a major driver in the automotive marketplace due to electrification efforts and the
overall injection-molding cycle time necessary to manufacture the part.

Figure 5.25

Painted automotive rocker
panels having assembly
locators mounted using
the Sonigtwist® torsional
ultrasonic machine
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5.1.4.6 Case History: Welding Dissimilar Polymers

Going to the dentist is an unappealing task for most people, especially those prone
to cavities. Cavities mean getting fillings, which traditionally entail a large injection
in the gums and then a scary and noisy drill filing away at the molars. German
dental equipment manufacturer DMG has developed the dental applicator (Fig. 5.26)
called Icon® that should calm many people’s fear of going to the dentist.

Figure 5.26
Dental applicator lcon® made by
Ll DMG of Hamburg, Germany

DMG’s Icon product applies hydrochloric acid directly onto the weak area of the
tooth and eats away at the enamel until it reaches the cavity. The therapy uses a
light-cured resin that fills the enamel cavities and then is activated by blue light and
seals the tooth surface. The technique works very well for early-stage cavities and
makes the trip to the dentist a little more appealing.

Figure 5.27 Dental applicator (a) detail, (b) detail in use (Courtesy of Herrmann Ultrasonics)

The dental applicator uses three polymers assembled with an axial ultrasonic welder.
A semicrystalline polyethylene terephthalate (PET) double-layered PET film (called
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Hostaphan® and manufactured by Mitsubishi Polyester Film), partially perforated
and with a wall stock of about 0.05 mm, is clamped between two halves of a U-
shaped frame made of amorphous polystyrene (PS), called Polystyrol®, from BASF
(Fig. 5.27(a)).

Figure 5.28 U-shaped frame having four studs and four energy directors (Courtesy of Herrmann
Ultrasonics)

Ultrasonic welding produces a controlled melt built up to ensure a tight bond with
minimal thermal load. The key to properly welding dissimilar crystalline-amorphous
polymers (PET/PS) into a homogenous assembly is to program the weld force re-
quired to uphold the desired joining velocity. Amorphous resins, like polystyrene in
general, are hard and rigid. They require low specific heat and small welding ampli-
tudes, between 10 and 25 microns at a 35,000 cycles per second (Hz) frequency.

Figure 5.29 Frame assembly (Courtesy of Herrmann Ultrasonics)

On the other hand, crystalline polymers—like PET film—are softer, tougher, and can
generally withstand higher temperatures, thus requiring higher specific heat to
disrupt the resin structure. This is accomplished by employing larger amplitudes in
the welding cycle.
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The major components of the vibrator are shown in Fig. 5.61. They are a set of flat
springs, two electromagnets, a vibrating element (drive platen), and a clamping
mechanism. The springs have three functions: to act as resonating members, to
support the vibrating element against vertical welding pressures, and to return the
vibrating element to the aligned position when the magnets are de-energized.

The vibrating element engages and holds the plastic part to be vibrated; the sta-
tionary element holds the other part of the assembly. Pressure is applied to the parts
by a pneumatically operated clamping mechanism that engages the stationary
element or tray. This locks onto the vibrator housing and pulls the part against the
vibrating element during the welding cycle.

The vibrator is mounted on a frame that incorporates a power supply and a tray lift
mechanism, forming a complete plastic assembly system. The modular construction
of the vibration welder also allows the individual components to be used in a variety
of automated systems.

Fixtures for vibration welding are usually simple and inexpensive. They generally
consist of aluminum plates with cutouts that conform to the geometry of the part or
countered cavities of cast urethane. Depending on the part size, two or more parts
can be welded at the same time using a multicavity fixture.

5.8.3 Joint Design

Vibration welding calls for some specific design requirements. Two of the most
important are that the parts be free to vibrate relative to one another in the plane of
the joint and that the joint can be supported during welding.

The basic joint design for vibration welding is the simple butt joint (Fig. 5.62). A
flange is generally desirable unless the wall is sufficiently rigid or supported to
prevent flexure. A flange also makes it easier to grip the parts and apply uniform
pressure close to the weld.

4.21‘>1 t
4

—
15° Figure 5.62
1.4t Vibration welding joint design
‘4 Loit detail: (a) before, and (b) after
assembly
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4t

Figure 5.63 Vibration welding joint designs: (a) bench with flash traps; (b) straight bench;
(c) tongue-and-groove; (d) double L; (e) ridged double L; (f) grooved bench; (g) double L with
flash traps; (h) dovetail; (1) double L with single flash trap.
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B 6.7 Press Fit Theory

Equations developed by the French mathematician Lamé are used to define the
contact pressure at the interface between the assembled parts. These equations
apply specifically to thick-wall cylinders.

A. In a room temperature 23°C (73°F) case, the surface contact pressure at the
interface is
po= i (6.4)
© R R, :

I (ﬁ +7/Hub>+E—l(l VShaﬁ)

E Hub Shaft

The insertion force required to assemble the components is

E, =2mphRg . p. =Fou (6.5)
Transmitted torque is determined as a function of the insertion force (6.5) as

M =F, Ry, =2muhR; . p. (6.6)
It is important to recall that p, is normal to the shaft and hub surfaces. Therefore,

(6.7)

UNorma] = p c

The maximum stress, however, is tangential to the surface:

Tangentlal ﬁpc (68)

where (3 is the geometric factor described in 6.1.

The condition required to have a proper press fit assembly is that the yield strength
of the polymer should be greater than the tangential stress present at the common
surface between the two parts, i.e.:

Ovielg = (6.9)

Tangential

In 6.9 when the greater than sign is replaced with the equal sign, the maximum
interference is determined:

— Yleld
Maxlmum - RShaﬁ

g

BZVHub +1—El/5haﬂ] (610)

Hub Shaft
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Shaft - glass
reinforced polymer

1
Hub - unreinforced —|:>|

polymer \

Figure 6.2
Shaft and hub before assembly

B. During operation, the temperature increases due mostly to friction. The inter-
ference will vary with the operating temperature. Above room temperature the total
interference is

i" =2(R) +R) (6.11)
The shaft radius will change with temperature. So R.,,, becomes

Ripun = Ropar (14 0 n AT) (6.12)
The hub radius will experience similar change:

Rl = R (14 04, AT) (6.13)
The initial interference was

i=2(R —R) (6.14)

Using 6.12, 6.13, and 6.14, the total interference required at a given temperature T
(6.11) becomes:

i' :i_zRShaﬁAT(ahub _ashaﬁ) (6.15)
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Elastic strain

W = 2 [Zt (1 ~ Y€ ension ) - h] OYield

= 7.95
[7rt(2 — Ve pension 1) — Y]E ( )

B 7.8 Example: Case History

This section will examine the actual cases of two plastic components that use living
hinges. The first is a world-class connector, an automotive under-hood component
that connects the onboard computer to the engine controls. The second case involves
a bracket that organizes ignition cables between the spark plugs and the distributor.
Two materials and designs will be analyzed for each case.

7.8.1 World-Class Connector

The original design consisted of three parts assembled. To reduce assembly labor
costs, inventory, handling, and shipping costs, a new design was considered using
living hinges, so that the three former components could be molded as one piece.

The material with the best properties for living hinges is PP. But this material is not
able to survive the under-the-hood environment where temperatures of 250 to 300°F
and possible spills of various chemicals such as gasoline and oil are commonplace.
Therefore, the designer had to consider other plastic materials. The first to be con-
sidered was polyamide, which can withstand the temperatures and chemicals of the
under-the-hood environment.

Figure 7.14
World-class connector
(axonometric view)
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Another requirement of the connector was that it withstand packing and transpor-
tation from the molding facility to the final electric component assembly. In transit,
some connectors suffered breakage. Panels broke from the component when hinges
cracked as a result of asymmetrical hinge design. The polyamide material was fail-
ing in this application because the panels, by moving through different positions
during shipping, were causing the material to reach its elongation-at-break point.

A new material had to be considered. Polyester elastomer thermoplastic was chosen.

7.8.1.1 Calculations for the “Right Way” Assembly

To examine the details of the living hinge design and the materials used in this
analysis, we will begin with what is called the “right way” assembly. The two panels
in Fig. 7.15 are moved in the direction designated “right way” in Fig. 7.16. The
panels rotate 90°, but point A on the hinge only needs to rotate 45°.

The analysis of the hinge in the example that follows begins by using the thermo-
plastic elastomer properties. Next, the polyamide case will be reviewed.

Assembly Motion

0.6 mm Radius

1.5 mm Radius

Handling Motion

0.6 mm Radius

(a) (b)

Figure 7.15 Hinge design detail: (a) as molded; (b) as assembled

Material properties for a PET elastomer are

Outimate = 20 MPa Tensile strength at break

Ovield =40 MPa Tensile strength at yield

Eomviaa = 236.5 MPa  Secant modulus for the yield point (Eswd)
Euttimate = 39.7% Ultimate strain (elongation at break)

Evield =9.1% Yield strain

14 =0.45 Poisson’s ratio



7.8 Example: Case History 259

Right way

0.5 mm 'B

Figure 7.16
“Right way” assembly hinge detail

The values for hinge thickness, length, and recess for this design are
X=0.5mm Hinge thickness

Y=2.748 mm Hinge length

Z=0.0 mm Hinge offset or recess

The aim of the analysis that follows is to determine if the design is robust or not. To
initiate the analysis, A is calculated, which represents the length of a fully elastic
hinge. If A <Y, we will have a total elastic hinge. For a 45° bend angle (“right way”
assembly), the value for A is

mtEg
. —1.16 mm (7.96)

O Yield

A=

A<Y (7.97)

The 1.16 mm is the length necessary to have a completely elastic hinge.

Once a pure elastic hinge has been established, other hinge properties can be calcu-

lated:
Hinge radius
R=—""—274 mm (7.98)
O yield

Hinge maximum strain takes place in bending:

g :%’:0.071:7.1% (7.99)

1



Bonding

There are bonding techniques employing two types of consumables: adhesives and
solvents.

Adhesive bonding is an assembly process by which two parts are held together
through surface attraction, also known as mechanical interlocking. The adhesive
itself is a substance capable of adhering to the surface of the parts being bonded,
developing strength after it has been applied and, afterwards, remaining stable. It
can be described as a specific interfacial tension phenomenon. A useful way to
classify adhesives is by the way they react chemically after they have been applied
to the surfaces to be joined.

The principle of solvent bonding, on the other hand, consists of applying a liquid
solvent that dissolves the surfaces of the joint area. Once the solvent evaporates, the
parts are assembled by applying a small pressure in the joint area.

There are many adhesives and solvents available. The task of selecting the best
adhesive or solvent for any given bonding application is a difficult one.

B 91 Failure Theories

There are two types of failure for bonded joints: adhesive failure and cohesive failure.

Adhesive failure refers to a bonded assembly that fails because the adhesive peels
away from one or both of the surfaces it was supposed to hold together (Fig. 9.1(b)).
In most bonded applications it is an unacceptable failure. It can also be defined the
same way when both the substrate and the bonded joint would fail at the same time.

Cohesive failure represents the breakage of the adhesive used for the bonded joint.
On both components, the surface of the bonded joint after failure would have ad-
hesive remnants visible. Cohesive failure also refers to the dual failure of the poly-
mer being bonded and the adhesive—both failures occuring at the same time (Fig. 9.1
(a)). While adhesive failure is considered unacceptable, cohesive failure is the pre-
ferred failure.
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B 9.2 Surface Energy

A characteristic called wetting is an important element in both the adhesive and
solvent bonding processes. Wetting refers to the intimate contact between the liquid
solvent or adhesive consumables and the surface of the polymer. Good wetting
occurs when there is strong attraction between the parts and the liquid.

Table 9.1 Surface Energy of Various Materials (Expressed in dynes/cm or 0.001 N/m)

SOLIDS (dynes/cm) LIQUIDS SURFACE TENSION (dynes/cm)

100+ (metals, glass, ceramics) 100

80 Water 72
Glycerol 63
Formamide 58

47 Phenolic

46 (PA)

43 (PET)

42 (PC, ABS)

39 (PVC)

38 (PMMA)

37 (PVA)

36 (POM)

33 (PS, EVA)
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SOLIDS (dynes/cm) LIQUIDS SURFACE TENSION (dynes/cm)

31 (PE) Cellosolve 30
29 (PP) Toluene 29
N-Butanol 25
Alcohol 22
18 Fluoropolymer

Polymers in general are difficult to bond. As Table 9.1 shows, metals, ceramics, and
glass are the materials that are easiest to bond succsssfully. Plastics, on the other
hand, have surface energies required for bonding much lower than metals, glass,
and ceramics. Thermoplastic nylon, also known as polyamide (PA), exhibits the
highest surface energy, of 46 dynes/cm. Polypropylene (PP) is the worst thermoplas-
tic polymer to bond-nothing sticks to it. Its surface energy is less than 30 dynes/cm.

Figure 9.2
Contact angle goniometer
instrument

Reinforcements, fillers, additives, pigments, dyes, and flame retardants all play a
role in modifying the polymer surface energy. To properly measure the exact surface
energy of the polymer, an instrument called the “contact angle goniometer” (see
Fig. 9.2) can be used. The device measures the angle between the tangent to surface
of the thermoplastic material and the tangent to the curvature of a drop of distillated
water placed on the polymer surface. If the angle between the two tangents is less



than 60°, then the surface energy of the thermoplastic to be bonded is excellent (see
Fig. 9.3(b)). However, if the same angle is greater than 90°, that means that the sur-
face of the polymer being bonded has extremely low surface energy and additional
steps to improve it are required, as will be discussed in Section 9.3.

Contact angle > 90°

Contact angle < 60°

~Water =~ |

Drop ;
; g Water Drop
Substrate Substrate

(a) (b)
Figure 9.3 Surface energy: (a) poor surface energy (wettability), and (b) good wettability

Another technique for determining precisely the surface energy of the thermoplastic
polymer, when a contact angle goniometer instrument is unavailable, involves a liquid
ink set. The test liquids come in sets from as little as six to as many as 24 small
bottles, each with a specific dynes per centimeter label designation.

Fluid from the bottle is applied to the surface of the thermoplastic material to be
bonded, with the small brush mounted inside the cap (Fig. 9.4). If the test liquid
draws back into droplets in less than 1 second after it has been applied, then the
surface energy of the polymer substrate is lower than that of the fluid itself. The
exact surface energy (dyne level) is determined by subsequently applying a range of
increasing or decreasing values of dyne test inks until the fluid spreads like a film
over the plastic surface. The label designation on the bottle will indicate the polymer
surface energy level.

Figure 9.4 Set of dyne test liquids containing 12 fluid bottles ranging from 30 to 72 dynes/cm
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50% RH (relative humidity) 27

A

absorbed 185

additives 384

adhesive 337

adhesive failure 337, 346
aesthetic criteria 280
airbag module 80

air intake manifolds 215
air pockets 71

air pressure 217
alignment pin 159
aluminum oxide 116

American Society for Testing & Materials

221

amplitude 102, 106ff., 110, 151f,, 158f.

angioplasty 232
angle of deflection 99, 291 ff.
anisotropic 26, 97

- shrinkage 28
annealed 227
antifreeze 280
antistatic agents 15
apparent modulus 33
aramid fibers 7f.
arteries 232
articulated joints 364
ASTM 311
asymptotic 72

axial joint 356

B

ball bearing 218

biopolymers 6

booster 101, 105, 108

BosScrew 385

boss design 74

boundary conditions 98

British Standards Association 221
built-in preload 280

Index

burn 308
butt joint 155

c

cadmium red 280

CAMPUS 220

candle power 185

carbon black 176

carbon fibers 7f.

catalytic converter 215
centroid 78

Charpy impact test 36
chrome plated 82
circumferential velocity 140
clamping pressure 150
class A 74

clay additive 8

click 327

closed loop solution 300
CLTE 38

cohesive failure 337, 346
coining fixture 268

coining head 268

coining tools 271

cold forming 270

cold working 268
combustion 389

Comet1 73

computer flow diagram 254
conduction 5

constant of integration 292
constant time 112
Consumer Product Safety Commission 307
contact pressure 129, 139ff., 190f,, 209, 211f.
coolant 387

core casting 213

core retraction 359

core shifting 214

Corona 342

corrosion inhibitor 84f.
Coulomb theory 68

counter bore 377

cracking 371



creep modulus 33 fillet 23,72
critical dimension 358 - radius 22
crosslinks 2 filling phase 267
crystallinity 3 fixture 107
curved waves 106 flame treatment 343
cylinder head 389 flash 71
- trap 147
D flex element 273
flow analysis 214
degree of freedom 327 flow direction 28
De Havilland 73 freeze 70
delamination 347 frictional heat 150
denier 18 friction coeficient 284
design algorithm 218 friction factor 382
design point 289 fringes 311
dielectric 309 frozen layer 267
dies 178 fusible core injection molding 213
DOF 327
door-handle 184 G
dopants 5
draft angles 76 gain 110
dried as molded (DOM) 27 gate 29,384
DST 371 - location 214,310
ductility 16, 21, 31, 53 geometric constant 295
durable hinge 267 glass spheres 8
dyne level 340 glass transition temperatures 37, 353
glow 5
E glycol 215
goniometer 339
edge stress 313 graphic interpolation 22, 24, 201
EDM 309 grip 233
elastic hinge 237, 244f., 253, 259, 261 gripping fingers 146
electrical discharge machining 309 guides 326
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electroluminescent polymer 5 H
electro-optic polymers 5
elongation at break 262 HDT 37
enclosure 169 heating plate 144f.
encoder 112 hermetic joints 152
energy director 118 HiLo® 371
enforced displacement 300 hinge parameters 261
engine block 389 hold time 108, 113
ergonomic studies 284 hook 327
Euclidian geometry 246 Hooke’s law 31, 62
eyeball 81 horn 101, 105ff, 111,113
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F hygroscopic 27,218, 2271.

Failure Mode and Effects Analysis (FMEA) 88

farfield 112f. I
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Federal Motor Vehicle Safety Standard 208 84 ignition cable bracket 263
ferromagnetic 160 imperfections, surface 310
Fiat Chrysler Automobile Group 215 Indeflator 233
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infrared laser radiation 175 maximum strain 261
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isotropic 26 mold release 114
Izod impact 36 molecular orientation 268
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Japanese Industrial Standards 221 multimaterial 353
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K
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nanocomposites 8
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LED 6 neutral axis 242
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life of the assembly 281 nonlinear materials 95
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light emitting display 6 nut factor 382
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overmolding 214, 353
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magnetic field 161 P
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manifold 213 PA 6,6 229

manual assemblies 326 paint 280



PAni 5 radial stress 375
Parachute Industry Association 19 Rankine theory 67
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performance standard 87 recyclability symbols 329
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piezoelectric 102 reinforcements 384
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pilot hole 370 RF sealing 164
pin-point gate 274 rib height 75
piston 389 rib width 75
pivot 325 robot arm 214
PLA 6 robust tool 321
planet gears 43 rotation joints 356
plasma treatment 344
plastic deformation 328 s
plastic part design 54
platen rotation 362 safety factor 47,203
playpen 18 scattering 175
PMMA 309 seal 310
Poisson’s ratio 61 secant modulus 63, 289
polarizer 310 self-alignment 141
polar moment of inertia 56 self-degating tool 273
polyaniline 5 self-locking angle 297
polyfluorene 5 self-tapping screws 131
polylactic 6 serviceability 329
polymerization reaction 2 shank design 375
polymer melt 267 shape deformation energy 69
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polypyrrole 5 shelf life 212
polythiophene 5 shelf-time 212
portholes 169 single-point 221
post-mold shrinkage 28 snap fitting 49
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PPV 5 solvent 337
precision snap fits 320 Soniqtwist 122
premiation 107 spark plugs 257
preprocessing 97 sparks 309
press fitting 49 spherical motion 356
pressure drop 268 spherical snap fit 279
pressure gradient 214 stack molds 362
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Analysis (PPFMEA) 90 strain 61
prosthetic 81 stress concentration factor 22
proving grounds 228 stress cracking 348
PT 373 stress-relaxation 35
pure bending 242 St. Venant’s theory 68
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surface analyst 341
quick flexes 238 surface energy 339
surface roughness 284
R surface velocity 139f.

symbols 329
radial force 374
radial interference 233
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test specimen 54 vacuum 146

thermally conductive 5 vacuum cups 146

Thermal Management Module 387 valves 387
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thread cutting 369 voids 28, 49f.,71

thread forming 369 volume deformation energy 69
three plate tool 273 von Mises’ equation 69

throttle body 215
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torque limiter 234, 379 w
trailing angle 372 wall thickness 70
transducer 101, 107 warm-up 389
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transparent 311 water pump 388
transverse wave 106 wavelength 110
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true stress 59
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turret 361 yield strain level 268
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