Chapter 14

Mechanical Fastening
PROCESS
Mechanical fastening is a simple and versatile
joining method. Traditionally used for metals, it
can be used to join plastics to other plastics or
plastics to metals. Mechanical fasteners are made
from plastics, metals, or a combination of the two
materials and can be periodically removed and
replaced or reused when servicing of the part is
necessary. [680, 78]
Screws, nuts, inserts, and rivets are usually
made of metal, although screws, nuts, and inserts
can sometimes be plastic. Plastic fasteners are
lightweight, corrosion resistant, and impact
resistant. They do not freeze on threads of screws
and require no lubrication.
Metal fasteners
provide high strength and are not affected by
exposure to extreme temperatures. [680]
Screws, nuts, washers, pins, rivets, and snaptype fasteners are examples of non-integral
attachments, in which the attachment feature is a
separate part. Use of separate fasteners requires
plastic materials that can withstand the strain of
fastener insertion and the resulting high stress near
the fasteners. Snap-fits are examples of integral
attachments, attachment features that are molded
directly into the part. Strong plastics that can
withstand assembly strain, service load, and
possible repeated use are required for non-integral
attachments. Separate fasteners add to product
cost due to increased assembly time and use of
additional material and can be difficult to handle
and insert; as a result, use of integral attachment
features is increasing. [579, 678, 687]
Different types of mechanical fastening
techniques are described in the following sections.

MACHINE SCREWS, NUTS, BOLTS, &
WASHERS
Parts joined using machine screws or screws
with nuts can be disassembled and reassembled an
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indefinite number of times. Tensile stress should
be avoided in assembly design; compressive stress
is more desirable due to a lower susceptibility to
stress cracking and crazing. [416]

MACHINE SCREWS
Machine screws and bolts used in joining
plastic parts should have a flat side under the
screw head (Figure 14.1). Flat head screws, with
conical heads, produce potentially high tensile
stresses due to wedging of the screw head into the
plastic part. Screws with flat undersides, such as
the pan head screw, do not undergo this wedging
action, and the stress produced is more
compressive. Flat washers distribute the assembly
force and should be used under the fastener head.
[502, 640]
The parts being joined should provide enough
diametral clearance for the body of the screw.
Recommended clearances for different machine
screws are listed in Table 14.1. [500, 640]
Screw Size

Hole Diameter
(in.)

Hole Diameter
(cm)

#2

0.096

0.244

#4

0.122

0.310

#6

0.148

0.376

#8

0.174

0.442

#10

0.200

0.508

#12

0.226

0.574

1/4

0.260

0.660

5/16

0.323

0.820

3/8

0.385

0.979

Table 14.1 Recommended clearances for machine screws.
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Figure 14.1 Common types of screws and bolts. A flat underside is preferred.

Figure 14.2 Boss designs to eliminate bending stress. a) Use of a spacer. b) Use of a planned gap between bosses.
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SCREWS OR BOLTS WITH NUTS

CLASSIFICATION OF SELF-TAPPING SCREWS

Screws or threaded bolts with nuts pass
through the plastic part and are secured by an
external nut or clip on the other side. For
compressive rather than tensile loading, space
between surfaces of parts being assembled should
be eliminated, using spacers if necessary (Figure
14.2a). Some part designs may require a loose-fit
gap (Figure 14.2b) between bosses to prevent high
bending stresses or distortion as the parts go into
compression. [78, 639, 430]

The two basic classes of self-tapping screws
for plastics are thread-forming screws and threadcutting screws.
Thread-forming screws.
Thread-forming
screws form threads in the plastic by displacing
and deforming plastic material, which flows
around the screw heads. No material is removed,
which creates a fit with zero clearance and
produces large internal stresses. Thread-forming
screws are inexpensive and vibration resistant.
They are recommended for structural foam parts.
Although they can provide acceptable performance
in solid-wall parts, they should be used with
caution in non-foam materials due to the possible
generation of highly stressed regions. Multiple
assemblies and disassemblies are possible with
thead-forming screws. [678, 674, 118]
Thread-cutting screws.
Thread-cutting
screws have a sharp cutting edge; as the screw is
inserted, plastic chips are removed. Depth of the
preformed hole should be slightly longer than the
screw depth in order to provide a depository for
the plastic chips. High internal stresses are
avoided in thread-cutting screws due to removal of
material during installation. Stress relaxation of
the plastic with temperature changes and time has
only a minimal effect on screw performance. Only
a minimum number of reassemblies are possible;
repeated removal and reassembly may cause new
threads to be cut over the original thread, resulting
in a stripped thread. For repeated assembly, the
screw should be carefully inserted into the original
thread by hand, or Type 23 screws should be used
initially and replaced with a standard machine
screw for reassembly. Thread-cutting screws
provide acceptable performance in solid-wall parts
but are not recommended for structural foam.
[640, 678, 674, 78, 676]

Excessive compressive forces can result from
use of high assembly torques. (See TORQUE IN
SELF-TAPPING SCREWS for a description of
assembly torques). To reduce compressive stress
in the assembled parts, either a lower torque must
be used for assembly or the area under
compression must be increased by using a larger
screw head or washers under the screw and nut. A
shoulder screw or stepped washer can reduce
compressive stress when joining a plastic part to a
metal part, if washers or lower torques are not
practical. [78, 430]

SELF-TAPPING SCREWS
Self-tapping or self-threading screws cut or
form a mating thread in a preformed hole of a
plastic part. No nuts are used, and access is
needed from only one side of the joint. No
clearance is required, since the mating thread fits
the screw threads. Only a drilled or molded pilot
hole is required, and installation is rapid. Selftapping screws are widely used due to an excellent
holding force and lower stress production than
some of the other fastening methods. [629, 678,
639, 676]
Pull-out strength of self-tapping screws is
similar to that of molded-in threaded metal inserts.
If assembled properly, the tendency for stress
cracking to occur is similar to that of threaded
metal inserts; however, incorrect assembly can
result in thread damage. [676]
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TYPES OF SELF-TAPPING SCREWS
Different types of thread-forming and threadcutting screws are available for particular
applications. The most widely used self-tapping
screws for thermoplastics are the Type B, Type
BT, Hi Lo, and Plastite. [674]
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threads, is 60o with even spacing between threads.
It is inexpensive and easy to obtain. [674]

Figure 14.3 Common types of self-tapping screws.
Type AB. The Type AB screw (Figure 14.3)
is a thread-forming, fast driving screw with even
spacing between the threads. [629]
Type B. The Type B screw (Figure 14.3) is a
thread-forming screw used in thermoplastics that
was originally designed for metal and wood. The
thread angle, the angle formed by two adjacent

Type BT . The Type BT screw (Figure 14.4)
is a thread-cutting screw that is otherwise identical
to the Type B screw. Because it has a nonstandard
thread pitch, it cannot be replaced with a standard
machine screw for reassembly of thread-cutting
screws. [674, 640]
Type BP. A Type BP screw (Figure 14.3) is
similar to the Type B screw, except for a 45o
included angle and unthreaded cone points. The
cone point is used to align mating holes for
assembly. [629]
Type U. A Type U screw (Figure 14.3) is a
blunt-point, multiple-thread drive screw used for
permanent fastening. [629]
Hi Lo.
The Hi Lo screw, designed
specifically for plastics, is available as either a
thread-forming or thread-cutting screw. It is a
double lead screw, consisting of a high thread with
a 30o thread angle and a low thread with a 60o
thread angle. The sharp angle of the high thread
penetrates the plastic easily, reducing the hoop
stress that would occur with only a 60o thread
angle and making it possible to achieve a high strip
torque and pull-out force with a low drive torque.
The Hi Lo screw also has a smaller minor
diameter, the diameter at the innermost part of the
threads, than conventional screws. The high thread
is then in contact with an increased amount of
plastic material, which increases the axial shear
area and results in higher pull-out forces.[674,
629]

Figure 14.4 Common types of self-tapping screws.
Mechanical Fastening
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BOSS AND SCREW DESIGN FOR
SELF-TAPPING SCREWS

Figure 14.5 Boss location on the part.
Plastite or Trilobe. The trilobular screw
(Figure 14.4) is a thread-forming screw with
triangular-shaped threads. It is available as either
a single-lead or double-lead screw. High sections
of the screw displace the material during insertion;
the plastic material then relaxes back and fills in
the area between the lobes, resulting in reduced
hoop stress and excellent vibration resistance. A
vent is created along the length of the screw during
insertion, eliminating the pressure buildup in the
hole beneath the screw that can occur with ductile
plastics. This pressure buildup (the “ram” effect)
leads to cracking or shattering of the plastic.
Thread angles of the Trilobe screw range from 45o
to 48o, resulting in easy penetration into the
plastic. [674, 629]

Bosses are often used in anchoring selftapping screws. Boss design is an important factor
in performance of the screw and appearance of the
assembled parts.
Boss geometry must be
appropriate for the particular type of screw used in
fastening, and the boss must be sufficiently thick
to absorb the strain of threading. Important factors
in boss design include location on the part, boss
dimensions, hole dimensions, draft angles, and
gusset supports. [674, 118]
Boss location. Bosses should not be included
in part walls; instead, they should be either free
standing or attached to the nominal wall through
ribs (Figure 14.5). Bosses that are included in
nominal walls increase wall thickness or cause
flow restrictions that result in surface
imperfections. Use of connecting ribs strengthens
the boss and facilitates proper mold ventilation.
[674, 416]
Gusset supports. Gusset supports, modified
ribs that are usually triangular, extend from the
sides of the boss to the boss wall (Figure 14.6).
They increase boss strength with respect to lateral
and longitudinal forces. Gussets of not more than
2/3 the height of the boss allow the boss to expand
slightly when screws are inserted in order to
relieve stress. [674]
Hole dimensions.
Depth of the boss pilot
hole should be equal to the height of the boss wall
(Figure 14.7). A hole that is too deep can result in
a blemish on the side opposite the boss wall by
restricting flow of material. A hole that is too

Type T. The Type T screw (Figure 14.4) has
finer threads and a smaller pitch than other screws.
[629]
Push-in thread. Push-in threaded screws
(Figure 14.4) have a thread configuration that
allows the screw to be pushed into the plastic part.
Threads form when plastic relaxes around the
shank. The helical threads make unscrewing
possible, but multiple reassemblies are limited.
[678]
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Figure 14.6 Design of gusset supports. Height of gusset
supports should not be more than 2/3 the height of the boss.
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Figure 14.8 Boss wall thickness.

Figure 14.7 Design of the boss pilot hole. Hole depth should
equal the height of the boss wall, and the inside diameter (d) should
equal the pitch diameter of the screw. The entry counterbore
diameter (D) should equal the major diameter of the screw thread,
with a depth of about one pitch length. The outside diameter of the
boss should be about 2 - 3 times the major diameter of the screw.

Mechanical Fastening

shallow may cause the material below the hole to
cool unevenly, creating sink marks. To prevent
excessive loading of the screw threads, the hole
depth should be slightly deeper than the length of
the screw used. [674, 581]
Hole diameter before screw insertion should
generally be equal to the pitch diameter of the
screw (Figure 14.7), in order to achieve a high
ratio of stripping to driving torque. A slightly
smaller hole diameter (80% of the pitch diameter)
can be used to achieve higher stripping torques,
especially with thread-forming screws. Diameter
of the entry counterbore at the top of the hole
should be equal to the major diameter of the screw,
the diameter of the screw at the outermost regions
of the thread; depth of the entry counterbore
should be about one pitch length. [51, 640, 118,
629]
Boss dimensions. Diameter of the boss
(Figure 14.7) should be equal to 2 to 3 times the
major diameter of the screw. Bosses with small
diameters may not have sufficient structural
strength to withstand the hoop stress caused by
screw insertion. Thick boss walls may increase
strip torque and pull-out forces of screws but may
also result in sink marks on the opposite surface of
the part. [118, 674]
Thickness of boss walls of solid plastic parts
and thick-walled foam parts should not be greater
than 70% of the thickness of the nominal base of
the boss in order to avoid sink marks (Figure 14.8).
When cosmetic considerations are important in
solid plastic parts, boss wall thickness should not
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SELF-TAPPING SCREW SELECTION

Figure 14.9 A boss with draft angles.

be greater than 50% of the nominal wall. For
structural-foam parts with thicker walls, boss wall
thickness can extend up to 80% of the nominal
wall thickness. [674]
Draft angles. Only minimal draft angles (0o
to 1/2o) should be used on the inside of the boss
(Figure 14.9) in order to provide consistent screw
engagement. With large inside draft angles, the
screw will fit too loosely at the top of the hole and
too tightly near the bottom, producing high stress
at the bottom of the boss. Recommended draft
angles on the outside of the boss are 1/2o or higher.
[674]
In bosses with draft angles, wall thickness is
greater at the boss base. Because higher hoop
stress occurs in areas with thinner walls, the top of
the boss is more susceptible to cracking, and a
reduction of stripping torque can occur during
screw insertion. For calculation of hoop stress, the
hole diameter at the top of the boss, and not the
average hole diameter (Figure 14.9) should be
used. For screw selection in bosses with draft
angles, average hole diameter is used by screw
manufacturers to describe screw sizes. [674]
Screw geometry. The thread engagement
length of the screw should be at least twice the
major diameter. Significant increases in pull-out
strength can be achieved with only slight increases
in thread engagement length, and stripping torque
increases with engagement length up to 2 to 2.5
times the screw major diameter. Increasing screw
diameter at a constant penetration depth, however,
results in only slight increases in pull-out strength.
[118, 581, 629]
A washer under the fastener head should be
used to distribute the assembly force over a larger
area. Flat head and countersunk screws should be
avoided for use in self-tapping screws. [676, 502]
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Selection of a particular type of screw
depends on the requirements of the application and
the type of plastic used in the part. If application
requirements require vibration resistance, a
Plastite thread-forming screw can be used. To
minimize hoop stress in thin boss walls, a Type BT
thread-cutting screw may be appropriate. Screw
selection for a particular type of plastic is
dependent on the modulus of elasticity of the
material. [502, 674]
Materials.
Softer plastics with flexural
moduli of elasticity below 1380 MPa (200,000 psi)
can be deformed without development of high
hoop stresses, making possible the use of threadforming screws.
For materials with moduli
between 1380 and 2760 MPa (200,000 to 400,000
psi), thread-cutting screws are generally
recommended due to the high stress created by
thread-forming screws; however, some plastics in
this group, such as Zytel nylon resin and Delrin
acetal resin, may perform well with thread forming
screws. [629]
Elastic moduli of more rigid materials that
have long reinforcing fibers range from 2760 to
6900 MPa (400,000 to 1,00,000 psi). Threadcutting screws are appropriate with these
materials, providing high thread engagement and
high clamp loads. Thread forming screws may
cause high residual stress that results in product
failure after insertion. [629]
Brittle plastics with elastic moduli above
6900 MPa (>1,000,000 psi) can granulate between
threads, resulting in lower than predicted pull-out
forces. The type T screw, with finer threads, is
recommended for these materials. Reassembly is
difficult with these materials. Reuse of the same
size screw is not possible, since screw removal
causes most of the threads in the plastic to shear.
For applications requiring fastener removal and
replacement, the boss diameter should be large
enough to accommodate a screw with the next
largest diameter from the original screw. Larger
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Figure 14.10

Torque variation during screw insertion. Drive
torque, up to point A, forms threads and overcomes the sliding friction
of the threads. The head of the screw seats at point A; further torque
increases result in compressive loading of the threads. Stripping
torque is the torque at point B, the point at which the threads strip.
Threads continue to strip until at point C, the screw connection fails.

screws can be used for repair and can provide
greater clamp loads than the original screw.
Alternatively, metal inserts can be used instead of
screws. [629]

TORQUE IN SELF-TAPPING SCREWS
The torque used for screw insertion
influences the quality of the connection. Selftapping screw connections are frequently damaged
during assembly due to application of excessive
torque. The amount of torque used for a screw
depends on the total number of threads and the
cross-sectional area of the boss. Self-tapping
screws usually have sufficient threads, but very
small thread engagement lengths may result in
excessive application of torque. [500, 676]
Figure 14.10 shows the variation of torque as
the screw is turned. Initially, torque must be
applied to cut or form the thread in the plastic
(forming torque) and to overcome the sliding
friction of the threads (friction torque). These
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initial torques are combined into the drive torque.
Drive torque increases with screw rotation as the
thread engagement length increases up to point A
on the curve. At point A, the head of the screw
seats. As greater torque is applied, compressive
loading of the plastic threads begins to occur, until
at point B, the stress in the threads reaches the
yield point of the plastic, and the threads begin to
strip. Stripping torque, the torque required to strip
the plastic boss threads, is the torque at point B.
Threads continue to strip until at point C, the
screw connection completely fails. Screws are
generally tightened to a point between points A
and B (tightening torque). [629, 674, 684]
To reduce the possibility of stripping the
threads, the strip-to-drive ratio, the ratio of
stripping torque to driving torque, or the drivestrip differential, the difference between the drive
and strip torques, should be maximized. To
account for the slight inaccuracies of torquecontrolled assembly tools (pneumatic tools ±20%,
electronic tools ±3%), the strip-to-drive ratio
should be about 5 to 1, or 50 - 80% of the drivestrip differential. With hand tools used by welltrained operators, a 2 to 1 strip-to-drive ratio is
acceptable. Lubricants drastically reduce the stripto-drive ratio and should be avoided. [629, 674]
Stripping torque and pull-out forces can be
calculated from the following formulas:

T = Fr

( p + 2 fr )
2 r − fp

Stripping Torque

r = Pitch radius of screw
p = Reciprocal of threads per unit length
F = Pull-out force
f = Coefficient of friction

F = SS A = SS πDpL
SS = Shear stress

Pull-out Force

SS =

St
3

St = Tensile yield stress
A = Shear area

A = πD p L

Dp = Pitch diameter
L = Axial length of full thread engagement

© Plastics Design Library

113
High pull-out forces are desirable in selftapping screw connections. The pull-out force is
the tensile force necessary for removal of the
screw from the boss. Longer screws generally
result in higher pull-out forces and strip torques,
but the increase is not proportional to the increase
in screw length. [674]
Stripping torque and pull-out force can be
calculated from the above formulas. Because
formulas do not always provide consistently
accurate results, testing in parts or prototype
bosses is recommended. The performance of a
particular screw in one material can be estimated
from its performance in another material by
comparison of material shear strengths. A material
with a higher shear strength will generally have
greater pull-out force and strip torque values.
[629, 674]

ADVANTAGES AND DISADVANTAGES OF
SELF-TAPPING SCREWS
Self-tapping screws are inexpensive and
reliable. Molded-in threads or threaded inserts are
unnecessary, reducing molding and assembly
costs. Dissimilar materials can be joined, and
disassembly and reassembly of the joint is
possible, often up to ten disassembly/reassembly
cycles. Connections have good impact resistance
and can be made in localized regions of the part.
Full-strength joints can be obtained immediately,
without the cure time associated with adhesive
bonding, and no special application tools are
required. [674, 684]
Disadvantages include stress concentration at
attachment points, the difficulty of obtaining
impervious seals, and longer assembly times
compared to fasteners such as snap-fits. Aesthetic
considerations may be affected by fastener
location in accessible areas of the part, and the
need for a diversity of screw types and sizes may
increase inventory costs. [674]

MOLDED-IN THREADS
Internal or external threads can be molded
into the parts to be joined if the application
requires only infrequent reassembly. External
threads can be molded by splitting the mold across
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Figure 14.11 Internal and external threads.
the parting line or by unscrewing devices. Internal
threads can be formed using a collapsible or
unscrewing mechanism and are more expensive to
produce than external threads (Figure 14.11).
[639, 502]
Threads. Coarse threads can be molded into
most plastics more easily than fine threads.
Threads with a fine pitch (greater than 28 or 32
pitch) and tapered threads such as pipe threads can
cause excessive stress and should be avoided.
Very fine threads are difficult to fill and are
usually not strong enough to withstand the applied
torque. Roots and crests of threads should be
rounded to aid in mold filling and reduce stress
concentrations. [640, 639, 502]
Design. The design of molded-in threads
should leave a gap of about 0.076 cm (0.030 in.) at
the edge of the screw base; threads should not
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MOLDED-IN INSERTS

Figure 14.12 Molded-in threads design. Thread length should
be 1.5 times the pitch diameter, and a 0.076 cm (0.030 in.) gap
should be allowed at the edge of the screw base. For internal
threads, wall thickness should be at least 0.5 times the major
diameter of the thread.
extend to the edge (Figure 14.12) Active thread
length should be at least 1.5 times the pitch
diameter of the thread, and internal threads require
a wall thickness of at least 0.5 times the major
diameter of the thread. A radius at the root is
required to avoid stress concentration. [78]
Applications.
An example of joining
using molded-in threads is shown in Figure 14.13,
in which catheter couplings of a medical
transducer dome were joined using molded-in
threads. [640]

INSERTS
Inserts are fasteners, usually metal, that
are inserted into another material. They are
commonly used for applications that require
frequent disassembly, or when a limited
engagement length prevents the use of screws.
They are used for structural foam and other
materials with low shear strengths that cannot
withstand fastener loads alone. [674, 678]
Threaded inserts are available in internal
thread sizes from 4-40 to 1/4 - 20 (inches) or M2 M6 (metric). Various lengths are available in each
size for different depths. [501]
Performance of inserts is dependent on the
shear strength of the material and the knurl pattern
on the outer surface of the insert. [674]
Different types of inserts are described in
the following sections.
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Molding inserts directly into the part
during the injection molding process is a
convenient and popular method of insert
application. Molded-in inserts provide an anchor
for machine screws and are commonly made from
metals such as steel, brass, and aluminum. Inserts
are placed on core pins in the mold, and the plastic
part is then molded around them in the mold
cavity. Molding in inserts does not require a
secondary insertion operation and provides higher
torque and pull-out properties than other insertion
methods; however, high stresses are created in the
areas around the inserts. Molded-in inserts are
frequently used with thermosets and rubber. [623,
122, 678]
Types of molded-in inserts. Designs of molded-in
inserts include smooth inserts and inserts with
different configurations of knurls and grooves.
Several types are shown in Figure 14.14. Knurled
inserts provide higher pull-out strength but may
create excessive stress in some plastics.
Circumferential knurls provide resistance to pullout forces, while longitudinal knurls increase
resistance to rotation of the insert when torque is
applied. Pull-out or torque retention grooves or
undercuts, or a flat surface on one or two sides of
an insert (Figures 14.15, 14.16) minimize notch
sensitivity, and flow of material into the grooves
provides high pull-out strength and resistance to

Figure 14.13 Catheter couplings of a medical transducer dome
are joined using molded-in threads. The dome is used once, then
discarded.
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inserts are often attached directly to the nominal
wall of the part without the use of a boss. Whether
or not a boss is used, the top of the insert should
extend beyond the plastic surface (Figure 14.16) or
at least be flush with the surface, in order to avoid
pulling out the insert when the screw is tightened.
[416, 674]
Figure 14.14 Examples of molded-in threaded inserts.
torsional forces. [500, 674]
Molded-in inserts can have blind internal
holes, or holes can extend through the part to the
other side. Blind holes are recommended for some
plastics and eliminate the risk of plastic entering
the threads. Blind holes should have a spherical
shape, with a rounded head (Figure 14.15). All
sharp corners on the insert should be removed;
sharp corners on knurls can be removed by
tumbling or grit blasting. Sharp corners or edges
can produce notches or areas of stress
concentration in the plastic material. [500, 122,
679]
Some molded-in inserts have deformed
threads that produce a self-locking mechanism.
These inserts prevent screw loosening when the
part is exposed to vibrations. [679]
Boss and insert design. Because inserts
have large outer surfaces that can distribute the
load placed on the fasteners over a large area,

Boss design for inserts is similar to that for
screws. (See BOSS AND SCREW DESIGN FOR
SELF-TAPPING SCREWS for a description of
boss design.) Wall thickness is the most important
aspect of boss design for inserts. Enough plastic
material must be present around the insert to
maintain high strength. Some recommended wall
thicknesses for steel, brass, and aluminum inserts
are a wall thickness/outside insert diameter ratio of
1.0, 0.9, and 0.8, respectively; recommended wall
thicknesses may vary with the plastic material used
in the part. [51, 674]
For applications requiring a hermetic seal,
an annular space or reservoir at one end of the
insert can be used to dispense a flexible sealing
medium such as an RTV (room temperature
vulcanization) rubber, urethane, or epoxy.
Alternatively, inserts can be coated with the
sealant, preferentially applied to undercut regions.
Flexible sealants can more easily compensate for
differences in the coefficient of linear thermal
expansion between metals and plastics. [581]

Figure 14.15

Diagram of a molded-in insert. Pull-out and torque retention grooves provide high pull-out strength and torque resistance. The
rounded blind end of the insert, rounded corners, and a flat surface on the insert minimizes stress concentration.
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Brass or aluminum inserts should be used instead
of steel if application requirements require
exposure to low or high temperatures. Differences
between the coefficients of linear thermal
expansion are greater between plastic and steel
than between plastic and brass or aluminum. With
greater differences in coefficients of linear thermal
expansion, higher thermal stresses are produced at
low temperatures, and retention is lower at high
temperatures. [416, 674]

Materials. Molded-in inserts are not
recommended for use with some plastics because
of the high stresses produced. Molded-in inserts
perform better in higher creep, cyrstalline (olefin)
resins than with rigid amorphous resins
(polycarbonates,
styrenes,
polyetherimides).
Molded-in stresses result in high failure rates in
the form of cracking in low creep materials. [623,
500]

Figure 14.16 Insert and boss design. The insert has round
edges for stress reduction and and an undercut for pull-out
resistance. The top edge of the insert extends beyond the top of the
boss so that the insert is not pulled out when the screw is tightened.

FACTORS AFFECTING MOLDED-IN INSERTS
Foreign substances. Part surfaces should
be clean and free of all incompatible chemicals,
such as oil. [581]
Coefficient of linear thermal expansion.
Because of the large differences in coefficients of
linear thermal expansion between metals and
plastics, the two materials expand and shrink by
different amounts; shrinkage of the plastic material
is generally greater than that of the metal. This
leads to areas of high molded-in stress around the
inserts. Part failure can occur after a period of time
if thicker boss walls are not used to compensate
for these high stresses. [623, 682]
Molded-in inserts are not recommended
for some types of plastics if the assembled parts
will be exposed to thermal cycling during use.
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Processing conditions.
Processing
conditions can affect the quality of the molded-in
insert. In experiments with polypropylene
homopolymer, the pull-out resistance of molded-in
inserts was sensitive to changes in injection
pressure, injection time, and insert temperature.
Increases or decreases in injection pressure or
injection time from the optimum values, with all
other processing parameters identical, significantly
decreased holding power in tensile tests.
Increasing the insert temperature to 95oC from
22oC reduced the load required to pull the insert
out of the surrounding plastic material by 19 kg.
[681]
Holding power was dramatically reduced
when internal lubricants (epolene wax, calcium
stearate) were used in molding. Lubricants were
present at loading levels recommended by the
manufacturers. The pull-out load for inserts in
polypropylene decreased by 29 and 37 kg in the
presence of epolene wax and calcium stearate,
respectively. Lubricants caused the inserts to slip
out of the plastic more easily. Mold Wiz lubricant
did not affect pull-out resistance as dramatically;
the decrease in load required for pull-out was 9.5
kg. [681]
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Figure 14.17 Expansion inserts. a) vane design b) diamond knurl design c) straight-knurled design on the top of the insert d) flange top

ADVANTAGES AND
MOLDED-IN INSERTS

DISADVANTAGES

OF

Advantages of molded-in inserts include
incorporation into the part during molding,
eliminating the need for a secondary inserting
operation, and no time or labor after molding is
required. Molded-in inserts provide excellent
material flow between knurls, and joined parts are
easily disassembled.
Disadvantages include increased stress
concentration in the plastic material around the
insert and increased molding cycle times, due to
the necessity of stopping between cycles to
position inserts in the mold cavity. Inserts can
move off the pins during molding if not positioned
properly and can cause damage to expensive
molding equipment, in addition to generating scrap
material. Plastic material can enter the threads
during the molding process, making a re-tapping
operation necessary after molding is complete. If
the molding is granulated for recycling, the
presence of steel inserts may cause excessive wear
of granulator rotors. [623, 495, 628]

EXPANSION INSERTS
Design.
Expansion
inserts
have
longitudinal slots that collapse on installation to
allow the insert to enter the preformed hole
(Figure 14.17). Once in place, the insert can be
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expanded by either a spreader plate incorporated
into the insert or by the action of the assembly
screw. Because these inserts absorb much of the
assembly force, they are used in plastics that
cannot withstand a high level of stress. [679, 495]
The surface configuration of the insert
includes knurls and vanes. Vanes (Figure 14.17a)
are generally used for thermoplastics and diamond
knurls (Figure 14.17b) for thermosets. Inserts with
various numbers of vanes are available; selection
depends on application performance and
installation requirements and on boss or part wall
thickness. Inserts with straight knurls on the top of
the insert (Figure 14.17c) provide higher torsional
resistance; inserts with a flange top (Figure
14.17d) are used when direct contact of mating
parts is undesirable. [495, 679]
Expansion inserts can be metal (brass,
stainless steel, aluminum) or plastic. Plastic
inserts are usually made from nylon and are
injection molded. [680, 679]
Advantages
sand
disadvantages.
Expansion inserts provide consistent torque values
and vibration resistance, and plastic inserts will
not freeze on screw threads. Assembly is rapid,
and no special equipment is required for
installation. Disadvantages include potentially
high hoop stresses produced by screw insertion,
poor flow of material between knurls, and stress
relaxation of boss walls over time. [680, 679, 674]
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DEFORMATION AND
RECOVERY INSERTS
Inserts
with
vane, fin, or barbed
configurations (Figure
14.18) displace plastic
material as they are
driven
into
the
preformed
hole.
Plastic then flows into
grooves behind the
barbs, providing pullFigure 14.18 A deformation
out resistance. A hexand recovery insert.
shaped configuration
also provides high torsional resistance. These
inserts are most appropriate for softer
thermoplastics. [495, 679]

CUTTING INSERTS
Broaching or cutting inserts have helical
knurl patterns through which they cut into the
plastic with a rotational movement. These inserts
form a curved track that provides pull-out
resistance, and they are suitable for hard, brittle
thermosets. [495]

SELF-TAPPING INSERTS
Self-tapping or self-threading inserts cut or
form a thread in the plastic material. Inserts with
an external wave-form “roll” into the plastic,
pushing back the material without producing chips.
These inserts can be used in thermoplastics such as
acrylonitrile-butadiene-styrene (ABS), acetal,
polyphenylene oxide, nylon, and polycarbonate
and in epoxies and other thermosets. [501]
Inserts with coarse threads and
longitudinal slots or notches (Figure 14.19) cut
into the plastic material, producing a
corresponding thread in the plastic. These inserts
provide high pull-out resistance but poor torsional
resistance. [495]

THERMAL INSERTS
Thermal inserts are heated before insertion
into the plastic material. The heated insert softens
the plastic, which then flows around the outer
surface of the insert. Thermal heating can occur
by direct contact with a hot body or by preheating
in a temperature-controlled chamber.
Direct
contact is used for hand installation of small
quantities of inserts; for automatic or semiautomatic processes, chamber preheating is
suitable. Temperature control is important, so that
the plastic softens but does not melt. [495]
Design. The design of thermal inserts
includes helical knurls and grooves. Knurls may
be unidirectional or opposed; opposed knurls
provide higher pull-out and torsional resistance.
Inserts can be symmetrical or asymmetrical.
Traditional asymmetrical inserts generally provide
greater pull-out resistance; however, newer
symmetrical designs acheive pull-out resistance
values that are higher than those of traditional
asymmetrical inserts. [495]
Advantages and disadvantages. Thermal
inserts produce low residual stresses and good
flow of material between knurls. Installation
equipment is inexpensive, but insertion is slow.
[674]

SOLID BUSHINGS
Solid bushings (Figure 14.20) are twopiece inserts, an insert body and a locking key or
ring driven in after the insert is in place. They can
be installed in any
material that can be
drilled and tapped.
Inserts with modified
or distorted external
threads
or
with
attached nylon plugs or
strips also can provide
the locking action,
which
increases
resistance to rotation.
[629, 678]
Figure 14.19 A self-tapping
insert.
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ULTRASONIC INSERTS
Information about ultrasonic inserts can be
found in Chapter 5, Ultrasonic Welding.

diametral interference between a shaft and a hub
can be determined from the following formula:
General equation for interference

PRESS OR INTERFERENCE FITS
I=

In press or interference fits, a shaft of one
material is joined with the hub of another material
by a dimensional interference between the shaft
outside diameter and the hub inside diameter.
Press-fitting is an economical procedure that
requires only simple tooling, but it produces very
high stresses in the plastic parts. It can be used to
join parts of the same material as well as dissimilar
materials. [118, 500, 78]

DESIGN OF INTERFERENCE FITS
Maximum pull-out forces are obtained in
press fits by using the greatest allowable
interference between parts that is consistent with
the strength of the materials.
Allowable
interference is dependent on the properties of the
materials, part geometry, and environmental
conditions. Interference limits are determined for
a part design to ensure that the hoop stress
produced in the parts does not exceed the
maximum allowable stress for the plastic. [629]
Calculation of interference limits. The
largest allowable interference for a particular
material can be calculated for a particular
geometry.
For thick-walled cylinders, the

Sd Ds é Wµ h 1 − µ s ù
+
ê
ú
W ë Eh
Es û

in which

W=

I =

æD ö
1+ ç s ÷
è Dh ø

2

æD ö
1− ç s ÷
è Dh ø

2

Diametral interference, mm (in.)

Design stress limit or yield strength of the
Sd =
polymer, generally in the hub, MPa (psi) (A typical design
limit for an interference fit with thermoplastics is 0.5%
strain at 73oC. )
Dh =

Outside diameter of hub, mm (in.)

Ds =

Diameter of shaft, mm (in.)

Eh =

Modulus of elasticity of hub, MPa (psi)

Es =

Elasticity of shaft, MPa (psi)

µh =

Poisson’s ratio of hub material

µs =

Poisson’s ratio of shaft material

W =

Geometric factor

If the shaft and hub are of the same material,
Eh = Es and µh = µs. The above equation simplifies
to:
Shaft and hub of same material
I=

Sd Ds W +1
×
W
Eh

If the shaft is a high modulus metal or other
material, with Es > 34.4x103 MPa, the last term in
the general interference equation is negligible, and
the equation simplifies to:
Metal shaft, plastic hub
I=

Sd Ds W + µ h
×
W
Eh

[629, 118]
Figure 14.20 A solid bushing insert.
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diameter (0.5) is used to determine the maximum
diametral interference from Figure 14.22 (8
mils/inch of shaft diameter, for a steel shaft and
polycarbonate hub).
Maximum diametral
interference for a shaft diameter of 0.250 inches
can then be calculated (0.002 in.), and the
appropriate hub inner diameter (0.248 in.) and wall
thickness (0.126 in.) can be determined for this
interference. [78]
Reduction of stress concentration. The
high stress produced in press fit assembly can
make the parts more susceptible to chemical and
thermal attack. To reduce stress concentrations,
parts and inserts should be clean and free of all
incompatible chemicals. Inserts with smooth,
rounded surfaces can result in lower stress
concentrations than knurled inserts, and knit lines
should not be located in areas of the part that are
being inserted. Interferences should be minimized
in press fits between two rigid materials. [500,
502, 78]
Stress concentrations can be reduced by
design of the interference fit. In press fitting a
metal shaft into a plastic hub, barbs or splines on
the metal shaft can be used to create the
interference, or “crush ribs” can be added to the
Figure 14.21

An interference fit design for a plastic hub and

steel shaft.

Maximum diametral interferences for
many plastics have been calculated by the plastics
manufacturers for hubs and shafts of varying
diameters at particular temperatures. These graphs
can be used to determine appropriate maximum
interferences for the materials and part geometry.
Maximum
allowable
interferences
should
generally by reduced by a safety factor; safety
factors of from 1.5 to 3 are appropriate for most
applications.
A safety factor of 1.5 is
recommended for unreinforced thermoplastics; a
safety factor of 3 is used for reinforced polymers
and also takes into account imperfections and
lower strength regions arising from injection
molding, such as weld or knit lines. [629, 688]
Example of an interference fit design.
Figure 14.21 is an example of an interference fit
design. The ratio of shaft diameter to hub outer
Mechanical Fastening

Figure 14.22

Diametral interferences for various shaft
diameter/hub outer diameter ratios for Calibre polycarbonate resins
at 73oC. (Maximum diametral interference is given in mils/inch of
shaft diameter)
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inside diameter of the boss. A metal “hoop” ring
at the top of the boss will prevent boss expansion,
and a greater boss wall thickness will help prevent
joint failure. [639]
Assembly. Interference fit assembly is
generally performed at room temperature (23oC).
The force necessary for insertion depends on the
interference between the two parts. Due to the
thermal properties of plastic materials, press fitting
can be facilitated by cooling the shaft or heating
the hub immediately before assembly in order to
reduce interference. Diameters of the shaft and
hub change with temperature, depending on the
value of the coefficient of linear thermal
expansion:
Change in diameter due to temperature change
D − Do = a(t − t o ) Do
D =

Diameter at temperature t, mm (in.)

Do =

Diameter at initial temperature, to,
mm (in.)
Coefficient of linear thermal
expansion

a

=

[629]

FACTORS AFFECTING INTERFERENCE FITS
Creep and stress relaxation.
In a
viscoelastic material under constant strain, such as
in press fits, stress gradually decreases over time
due to creep, the change in part dimensions as the
material undergoes cold flow. This phenomenon
reduces the joint strength of the assembly, and a
press fit that was initially acceptable could loosen
or fail completely. The amount of creep and the
time required for creep deformation vary
according to the polymer composition of the part
and the presence of fillers, additives,
reinforcements, pigments, and lubricants, the
amount of stress produced in the part, and
environmental conditions of the part (temperature,
humidity, etc.) [629]
Creep due to stress relaxation can be
reduced by incorporation of grooves or knurls on
the shaft. This reduces assembly stress, and creep
due to stress relaxation is also reduced. Creep that
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does occur over time results in the plastic coldflowing into the grooves, so that the strength of the
press fit is retained. [78]
Environmental temperatures. Operating
temperatures of the parts influence the strength of
the interference fit. A plastic part will expand
with rising temperatures and contract as
temperatures decrease by an amount depending on
its coefficient of linear thermal expansion.
Because joint strength can change depending on
the environmental temperature, press fits should be
designed for the operating temperature of the
assembly. Dissimilar materials may have different
coefficients of linear thermal expansion and
should be avoided if the assembly will be exposed
to varying temperatures. Press fits should not be
used if the parts will be exposed to harsh
environments. [500, 118]

SNAP-FITS
In snap-fit fastening, two parts are joined
through an interlocking configuration that is
molded into the parts.
Many different
configurations are possible to accommodate
different part designs. In snap-fits, a protrusion on
one part (hook, stud, bead) is briefly deflected
during joining to catch in a depression or undercut
molded into the other part. The force required for
joining varies depending on the snap-fit design.
After the brief joining stress, the joint is vibration
resistant and usually stress-free. [502, 675, 78]
Snap-fiting is an economical, rapid, and
popular assembly method, and its use is increasing
due to the trend toward elimination of separate
fasteners in order to simplify manufacturing costs.
Snap-fits can be used to join dissimilar plastics or
plastics to metals and can be designed for
permanent fastening or for repeated disassembly.
Hermetic or moisture-resistant seals are possible in
some designs. Snap-fits require more attention to
engineering design than other mechanical
fastening methods and can fail before or during
assembly or during use if not designed properly.
Stress analysis of some snap-fit designs can be
performed using hand calculations; designs with
more complicated geometries may require finite
element analysis for accurate results. [579, 690]
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TYPES OF SNAP-FITS
Cantilever beam. A cantilever beam
snap-fit is a hook and groove joint, in which a
protrusion from one part interlocks with a groove
on the other part (Figure 14.23). Cantilever beam
snap-fits can be straight or may have a bend in the
beam (curved beam). Rectangular cross-sections,
as in Figure 14.23, are common; beam crosssections may also be square, round (hollow or
filled), trapezoidal, triangular, convex, or concave.
The beam can be of constant width and height or
can be tapered to avoid stress concentration near
the point of attachment with the part wall. [675,
502]
Cantilever beams can be used to create a
hinged effect (Figure 14.24). Short, rigid hooks or
lugs are used on one side of the part, and more
flexible cantilever beams are molded onto the
other side. The cantilever beam locks the two
parts together, and the lugs lock into a hole on the
mating piece, producing a hinge. [675]
Cantilever snap-fits are the most common
snap-fit design. They are easy to assemble and
provide good retention.
Cantilever snap-fits
undergo flexural stress during assembly and are
modeled as cantilever beams in design calculations
(see Design for cantilever beam calculations).
After assembly, joints are usually stress-free;
however, joints can be designed to be partially

Figure 14.24 A cantilever beam with lugs. A hinged effect is
produced by using short, rigid lugs on one side of the part and more
flexible cantilever beams on the other side. The lugs hook into a hole
on the mating piece, producing a hinge, and the cantilever beam
locks the two parts together.

loaded after assembly for an extra-tight fit. Loaded
snap-fits may be subject to creep or stress
relaxation. [629, 690]
Annular. Annular or cylindrical snap-fits
are used to join spherical or elliptical parts, such
as pens and bottles with caps. One of the parts
contains a lip or protrusion around the part
circumference that engages with a protrusion or a
groove on the mating part (Figure 14.25). After
assembly, parts are stress-free. Multiaxial stresses
are produced during annular snap-fit assembly,
making design calculations difficult. [675]

Figure 14.23 A cantilever beam snap-fit. a) A cantilever beam
and mating piece before assembly. b) The latch is partially deflected
as initial contact is made. c) The latch approaches maximum
deflection. d) The latch locks into the hole in the mating part and
returns to its undeflected position.
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Figure 14.25 Annular snap-fits.
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Figure 14.26 A torsional snap-fit. Deflection of a latch attached
to a torsion bar rotates the torsion bar and allows the latch to proceed
past a protrusion on the mating part. Removal of the force returns
the latch and torsion bar to their initial positions.

Torsional. In torsional snap-fits (Figure
14.26), a latch is attached to a torsion bar or shaft;
force on one end of the latch produces rotation of
the torsion bar and latch, allowing the latch to
proceed past a protrusion on the mating part.
When the force on the latch is removed, the latch
and torsion bar return to their initial positions,
joining the parts together. Assembly is rapid and
easy, and no stresses are present afterward.
Torsional snap-fits are modeled as torsion bars for
stress analysis. [675]
Ball and socket. In ball and socket snapfits, commonly used to transmit motion, a ball on
one part engages a socket on the other part (Figure
14.27). [639]
U-shaped. U-shaped snap-fits (Figure
14.28) are commonly used for lid fasteners. [502]

Figure 14.28 A U-shaped snap-fit.
in order to allow the bayonet on the mating part to
pass. The fingers then snap back to their initial
positions, securing the mating part between them.
Stress analysis in bayonet-finger snap-fits is
performed using finite element analysis. [683]
Snap-on or snap-in. A snap-on or snap-in fit
(Figure 14.30) is used with rounded parts. Some
or all of the part flexes during assembly, but the
deflection is small. A tool can be used to
disassemble the snap-fit for servicing of the part.
[639]
Combination. Combinations of different
types of snap-fits are possible in one design. In
Figure 14.31 An annular snap-fit is composed of
four semicircular cantilever beams.
[675]

Bayonet-finger. A bayonet-finger snapfit (Figure 14.29) is used to attach a part to a thin
wall. It consists of a support finger and a retention
finger, which flex out of the way during assembly

Figure 14.29 A bayonet-finger snap-fit. Support and retention
Figure 14.27 A ball and socket snap-fit.
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fingers flex during assembly, allowing the bayonet to pass through.
Fingers then return to their initial positions.
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Figure 14.31
Figure 14.30 Snap-on and snap-in snap fits.

A combination snap-fit. An annular snap-fit is
composed of four semicircular cantilever beams.

Figure 14.32 Mold considerations in snap-fit designs. a) A cantilever snap-fit design that requires an undercut in the mold b) A mold with undercut for
the design in 32a. Part ejection is difficult without damaging the hook. c) A modified latch design. The latches face outward, simplifying mold design. d)
Another possible modification of the design in 32a. The tooling holes in the part wall simplify the mold design, and the part can be ejected easily.
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DESIGN OF SNAP-FITS
Some design considerations in snap-fits
include the forces required for assembly (and
disassembly, if required), ease of molding and
assembly, the material strain produced during
assembly, and other requirements of the
application. Stress analysis, based on a geometric
model for the particular type of snap-fit, is
performed to determine assembly forces,
deflections, and stresses produced during
assembly. Equations used are discussed below for
the most common types of snap fits. [579, 675]
Mold considerations. Ease of molding
should be considered in the snap-fit design. Some
snap-fit designs require complicated and expensive
molds; however, designs can often be modified to
allow use of less complex molds with lower
tooling costs. Figure 14.32a shows a cantilever
hook or latch design that requires an undercut in
the mold (Figure 14.32b). Removal of the part
from the mold without damaging the hook is
difficult. Molds with collapsible cores or slides
that retract the steel used in forming the undercut
after molding can be used, but they are more
expensive and increase tooling costs.
An
alternative snap-fit design, in which hooks face
outward from the part (Figure 14.32c), results in
easy removal of the part from the mold and
reduces mold complexity and cost. A second
alternative would be to include a hole in the part
wall under the hook for tool relief (Figure 14.32d).
[675]
Cantilever snap-fits. A cantilever beam
design with a constant rectangular cross-section is
shown in Figure 14.33. The amount of beam
deflection and the forces involved in deflection
and assembly can be calculated using equations
based on a linearized simplification of the partial
differential equation known as Castigliano’s
second theorem: y = ∂U/∂P, in which y is the
deflection, U the flexural energy of the beam, and
P the deflection force. Classic cantilever beam
theory assumes that the beam base is rigidly fixed
and deflection is due only to bending stress. [574,
78, 579]
Permissible deflection. A deflection force
(P) is required to depress a beam of length l and
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thickness h by an amount y, the maximum
deflection or height of the undercut.
The
maximum or permissible deflection of a
rectangular cantilever beam of constant thickness
is dependent on the thickness and length of the
beam and the permissible or maximum strain of
the material (ε): [78]

y=

2 εl 2
3 h

Materials that can withstand higher levels
of short-term strain can be deflected farther
without damage. Material damage is expressed as
residual deflection, a percentage of the initial
deflection that remains after deflection is
complete. For a single, momentary deflection,
partially crystalline materials can be stressed to
levels very near the yield point; amorphous
plastics may be stressed up to ~70% of the yield
strain. Permissible strain for glass fiber reinforced
molding compounds, which do not usually have a
distinct yield point, is about half the elongation at
break in the stress-strain curve for the material.
Specific values for permissible strain are available
from the manufacturer. Permissible strains for
repeated assembly and disassembly are lower than
for permanent assembly (~60% of permanent
assembly values). Since most material damage
occurs after the initial deflection, however,
applying a safety factor to single assembly data
can result in a reasonable estimate of snap-fit
performance. [78, 502, 675]
The value obtained for the permissible
deflection should not be exceeded during either

Figure 14.33

A cantilever snap-fit. The beam has length l,
thickness or height h, and undercut height or deflection y. The
radius corner, r, at the base of the beam is rounded. P is the force
required to deflect the beam the distance of the undercut.
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ejection from the mold or part assembly.
Permissible deflection of a constant thickness
beam can be increased by an increase in beam
length or a decrease in thickness; an increase in
length is more effective due to the squared term in
the equation. Generally, deflection should be less
than or equal to 0.5 times the beam length. [78,
675]
If the equation for permissible deflection
is rearranged, maximum strain (ε) can be
calculated for a particular undercut or deflection.
If the strain is too high, a decrease in beam
thickness or deflection or an increase in beam
length may lower it to acceptable levels. The ratio
of beam length to beam thickness is important in
the determination of permissible strain; as the
length/thickness ratio decreases, the allowable or
permissible strain for the particular cantilever
beam increases. A typical length/thickness ratio
used in cantilever beams is 5.4. [675]

Determination of the secant modulus from a
stress-strain curve. The secant modulus (Es) is the ratio of stress to
strain at a particular strain or the slope of a line drawn from the origin
to the point on the stress-strain curve corresponding to a particular
strain. The secant modulus is used instead of the elastic modulus
(Eo) in cantilever beam equations because it provides more accurate
predictions of stress in momentary, high-stress applications.

Deflection force. The deflection force (P)
required to bend the cantilever by the amount of
the undercut (y) can be calculated from the
cantilever geometry and the secant modulus of the
material (Es):

is not recommended, or if stress/strain data are not
available for the design conditions of the beam, the
elastic or flexural modulus should be used in
calculations. [78, 579]

P=

bh 2 Es ε
×
6
l

in which b equals the beam width at the base.
Width is perpendicular to the plane of the applied
force. [78, 579]
The secant modulus is the ratio of stress to
strain at a point on the stress-strain curve
corresponding to a particular strain, or the slope of
a line from the origin to that point (Figure 14.34).
Its use in beam theory calculations instead of the
elastic or tangent modulus (Eo) results in more
accurate estimates of deflection and stress in
momentary, high-stress applications. Due to the
non-linearity of the stress-strain curve for plastics,
use of the elastic modulus predicts that the
material will be less flexible and therefore will
deflect less than it actually does during assembly.
The strain used to determine the secant modulus
should be the permissible strain (ε) used to
determine the permissible deflection. If straining
the material beyond the linear region of the curve
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Figure 14.34

Engagement force. The engagement or
assembly force (Fi in Figure 14.35) is the force
required to engage the snap. It is dependent on the
deflection force, the lead-in angle (α) of the latch
or hook, and the coefficient of friction, µ, of the
plastic material.

é µ + tan α ù
Fi = P ê
ú
ë1 − µ tan α û
Values for the coefficient of friction depend on the
assembly speed, the pressure applied during
assembly, and the surface quality of the parts - the
rougher the surface, the higher the coefficient of
friction. [78]
Disassembly force. When designing the
snap-fit for disassembly, the disassembly force can
be calculated using the same equation as the
engagement force, with the return angle or pull-out
angle (β, Figure 14.35) used instead of the lead-in
angle. Angles can be varied to increase or
decrease the force necessary for assembly or
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Figure 14..35 A cantilever snap-fit showing assembly and
disassembly forces. The engagement or assembly force (Fi) is the
force required to engage the snap. Its magnitude depends on the
lead-in angle of the hook (α), the deflection force (P), and the
coefficient of friction of the material. The disassembly force (Fi ) is
the force required to disengage the snap. Its magnitude depends on
the return angle (β) in addition to the deflection force and coefficient
of friction.

Tapered cantilever beams. Stress can also
be distributed more evenly by tapering the beam
from the root to the tip (Figure 14.36b). Molded
cantilever beams can be tapered in the plane of the
applied force (height or thickness) or
perpendicular to the plane of the force (width);
more flexibility can be achieved when the
thickness of the beam is tapered. A tapered beam
(Figure 14.38) is more compliant than a straight
beam with a similar deflection and assembly force.
Tapering the beam thickness to half that of the
base increases the permissible deflection by over
60% of that of a straight beam. A 50% taper is
optimal, a compromise between thick base sections
that produce residual stresses and thin tips that are
difficult to mold and that break during snap-fit
assembly. For designs with tooling holes, a
maximum height of 80% of the wall thickness is
necessary for the prevention of sink marks. [675,
579]

disassembly; the smaller the lead-in (or return)
angle, the less force is required for assembly (or
disassembly). As the return angle approaches 90o,
the snap-fit becomes more self-locking. Angles can
be adjusted so that the assembly or disassembly
force is greater than, equal to, or less than the
deflection force. [78]
Stress concentration. Stress contours of a
constant cross-section cantilever beam obtained
from finite element analysis (Figure 14.36a) show
that stress is not equally distributed but is
concentrated at the root.
To avoid stress
concentration in this region, which can lead to
joint failure, the root radius can be increased, or a
rib can be added to the design. Figure 14.37
shows the effect of increased root thickness on
stress concentration. Although the optimum root
radius/height ratio appears to be 0.6, use of this
radius would produce a thick area at the
intersection of the beam and the part wall which
usually leads to sink marks and/or voids, indicators
of residual stress. A compromise between a large
radius to reduce stress concentration and a small
radius to reduce residual stress must be reached.
To avoid sink marks, thickness should be no more
than 50 - 70% of the nominal wall thickness;
testing indicates that the radius should not be less
than 0.38 mm (0.015 in.). [416, 629, 675]
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Figure 14.36 Stress contours of cantilever beams obtained from
finite element analysis. Darker shading indicates higher stress. a) A
cantilever beam with constant thickness from base to tip. Stress is
concentrated at the base of the beam. b) A tapered cantilever beam.
Stress is more evenly distributed over the length of the beam.
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Figure 14.37 Effect of increased base or root thickness on stress concentration in a cantilever beam. Stress concentration decreases as the ratio of root radius
to beam thickness (R/h) increases. The optimal root radius requires a compromise between a large radius to reduce stress concentration and a small radius to
reduce residual stress.
Cantilever beam equations for tapered
beams must be modified to account for the change
in geometry. To avoid integrating differential
equations for every design, proportionality
constants (K) have been calculated for varying
tip/base ratios.
The modified equation for
permissible deflection in the most common tapered
beam, 50% in thickness or height, then becomes:
[502, 574]
Permissible Deflection, tapered beam

the torsion bar is subject to shear. A torsional snap-fit is
analyzed as a simple torsion bar for snap-fit stress
calculations (Figure 14.39). The following equations
apply to a torsion bar with a circular cross-section. [502,
675]

Permissible deflection. A deflection force
applied to a lever arm of a torsional snap-fit causes
the lever arm to deflect a distance y and the torsion
bar to rotate through an angle of twist, φ (Figure
14.39). The torsional snap-fit is composed of two

εl 2
y = 1.09
h
Proportionality constants are useful only
when either thickness or width varies, not both.
Equations for cantilever beams of other crosssections and tapers can be found in Engineering
Plastics (Volume 2 of the Engineered Materials
Handbook) published by ASM International, and
other publicly available sources. [502]
Torsional snap-fits. In torsional snap-fits,
deflection is due to a torsional deformation of a fulcrum
instead of a flexural load as in cantilever snap-fits, and
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Figure 14.38 A tapered cantilever beam snap-fit tapered 50% in
thickness (h). P = deflection force, y = undercut, α = lead-in angle.
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The allowable shear strain of the material
is dependent on the value of Poisson’s ratio for the
plastic material (ν) and the maximum strain of the
material, εA. Poisson’s ratio is the ratio of lateral
strain to longitudinal strain, with stress applied
along the longitudinal direction and within the
elastic limit, and generally ranges from 0.1 (filled
or reinforced plastics) to 0.5 (rubber) for plastics.
Typical values used for plastics are 0.3 to 0.4.
[502, 662]

γ = (1 + ν )ε A
Maximum Allowable Shear Strain

Figure 14.39 A snap-fitting arm with torsion bar. A deflection
force, P2, is required to deflect the lever arm the undercut distance y1.
As the lever arm is deflected, the torsion bar (length l, radius r)
rotates through an angle of twist, φ, and the lever arm on which the
force is applied moves a deflection distance y2.
lever arms, L1 (the distance from the undercut to
the axis of the torsional beam) and L2 (the distance
from the torsional beam to the applied load). A
deflection force (P2) applied to the lever arm L2
causes it to deflect a distance y2 and the lever arm
L1 to deflect the undercut distance y1. . The
maximum or permissible deflection or undercut is
related to the maximum angle of twist:

Annular snap-fits. Assembly forces in
annular snap-fits are complicated, since the snapfitting bead on the shaft expands a relatively large
portion of the hub or tube during assembly;
assembly stress is distributed over a large area of
material. To account for this stress distribution,
annular snap-fits are modeled as beams of infinite
length resting on resilient foundations (Figure
14..40). Force may be applied near the end of the
hub (Figure 14.40a) or closer to the middle of the
hub (Figure 14.40b); force equations below apply
to deflection and assembly force near the end of

Maximum Deflection

sin φ =

y1 y2
=
l1 l2

The maximim angle of twist is determined by the
geometry of the snap-fit (radius, r, and length of
torsion bar, l) and the allowable or maximum
permissible shear strain of the material, γ: [502,
690, 675]
Maximum Angle of Twist

φ=
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180 γ ⋅ l
⋅
π
r

Figure 14.40 A beam resting on a resilient foundation, used in
modeling annular snap-fits. Deflection force (P) can be applied (a)
near the end of the beam, corresponding to a groove at the end of the
hub or (b) near the middle of the beam, corresponding to a groove
closer to the middle of the hub.
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the hub. Elasticity of the hub and shaft is
important in annular snap-fit design. Generally,
the shaft is considered to be rigid and the hub
elastic. Other designs, such as an elastic shaft and
rigid hub or shaft and hub of equal flexibility, are
also possible. [502]
Wall thickness of an annular snap-fit
should be uniform to avoid stress risers. The ideal
shape is circular; shapes that deviate from a
circular geometry are more difficult to eject from
the mold and assemble. Weak spots produced by
weld lines, gate turbulence, or voids during
molding can cause cracking of the undercut during
assembly. Weld lines can be avoided by changing
the design or moving the gate; if this is not
possible, a bead or rib can be used to strengthen
the section near the weld line. [629]
If the assembly will not be subjected to a
significant axial load, slots can be used in the
snap-fit. Slots permit the use of a deeper undercut
and groove and are useful for parts requiring
frequent assembly and disassembly; however,

Figure 14.42 An annular snap-fit. The undercut, y, is divided in
half to account for the cylindrical geometry. a) A separable snap-fit
b) A permanent or inseparable snap-fit

slotted snap-fits have lower retaining forces. A
slotted snap-fit used to assemble a thermostat body
onto a radiator valve is shown in Figure 14.41.
Permissible deflection. The maximum
undercut or deflection in annular snap-fits is
dependent on the maximum strain of the material,
ε A, and the joint diameter of the hub or tube, d:
Maximum Deflection

y = ε Ad
The permissible undercut should be cut in half to
account for the cylindrical shape (Figure 14.42).
[502]
Annular snap-fit joints can be permanent
or designed for easy disassembly, depending on
the dimension of the bead and the return angle.
Permanent, inseparable designs require split-cavity
molds for part ejection. [502]

Figure 14.41 A slotted snap-fit. A thermostat body is joined to a
radiator valve, using a metal ring to ensure retention.
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Deflection force. The deflection force, P,
for joints near the end of the hub depends on the
undercut, y, the joint diameter, d, the secant
modulus of the material, Es, and a geometric
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factor, X, which accounts for the rigidity of the
component materials.
Deflection Force

P = ydEs X
Equations and diagrams for determination of the
geometric factor can be found in Engineering
Plastics (Volume 2 of the Engineered Materials
Handbook) published by ASM International.
Engagement force. The engagement or
assembly force (Fi) is similar to that of cantilever
beams:

æ µ + tan α ö
Fi = Pç
÷
è 1 − µ tan α ø
where µ is the coefficient of friction of the
material and α is the lead-in angle. [502]
Finite element analysis. Annular snap-fit
equations are most commonly used when either the
hub or shaft is rigid. When both the hub and shaft
are elastic, equations become more complicated.
[570]
Results obtained from cantilever beam
equations are appropriate only for long, slender
beams, in which the base is rigidly fixed and
deflection occurs only from bending stress. For
beams with a small length/base height ratio,
calculated results are less accurate. Deflection due
to shear in addition to flexural stress, and
deflection of material near the base of the beam,
can occur. In addition, cantilever beams are
sometimes mounted on part walls that are flexible
instead of rigidly fixed. To account for these
deviations from beam theory, beams are overdesigned for a particular deflection, resulting in a
more compliant beam. Although beams that are
over-designed generally can withstand higher
stress levels than the calculations indicate, beam
failure due to calculation inaccuracies is also
possible. [579]
For snap-fit designs that deviate from
theoretical assumptions and for designs with
complicated geometries, finite element analysis
most accurately determines the stress and
deflection. Finite element analysis (FEA) is a
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computer-based method that divides the design
into small elements with defined stress and
deflection characteristics. A finite element model
is developed and is analyzed mathematically by
manipulating arrays of large matrix equations. It is
recommended for cantilever snap-fit designs when
the angle of deflection or bending angle is greater
than 8o. [662, 579, 689]
Safety factors. Safety factors should be
used in calculating design stress limits. A safety
factor of 1.5 based on yield strength is
recommended for a single assembly with materials
that have a distinct yield point. Designs for
multiple assemblies with these materials should
have a safety factor of 2.5. For materials that do
not have distinct yield points, such as fiber
reinforced polymers, the recommended single
assembly safety factor is 2; the safety factor for
multiple assemblies with these materials is 3.25.
[690]
Materials. Properties of materials used in
snap-fit designs, in addition to strain limits and
secant moduli, are important in snap-fit design.
UV stabilizers may be required to provide color
retention in the presence of ultraviolet light, in
order to maintain aesthetic quality and preserve
mechanical properties. For painted parts, a paint
compatible with the polymer should be used, or the
paint may attack the polymer. [690]
Mechanical properties of most materials
vary with temperature. Temperature changes may
cause two dissimilar snap-fit components to
expand or contract at different rates, depending on
the respective coefficients of thermal expansion.
Rates can vary by 1 to 2 times for dissimilar
plastic components and 5 to 10 times for
plastic/metal components.
The operating
temperature of the snap-fit should be considered in
the design. [690, 570]
Materials used in snap-fits should have
low crack propagation properties and should be
resistant to chemical exposure, such as antifreeze
or oil for automotive under-the-hood parts. Only
materials with small percentages of regrind should
be used in snap-fits, since regrind added to virgin
plastic reduces the mechanical properties of the
plastic. [690]
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ADVANTAGES AND DISADVANTAGES OF
SNAP-FITS
Snap-fits are an effective method of
assembling plastic parts without the use of extra
fasteners, adhesives, or welding operations. The
cost of secondary components, such as screws,
bolts, or inserts, and the associated inventory,
shipping, and labor costs, are eliminated.
Assembly of snap-fits is rapid and can be easily
automated, and parts can be designed for
permanent fastening or for disassembly and
reassembly, in contrast to parts joined by welding
or adhesives. Snap-fitting requires no adhesives,
solvents, or other application tools for assembly
and can provide hidden fastening when cosmetic
appearance is important.
Snap-fits allow
considerable design flexibility, so that engagement
or disassembly forces can be altered by simple
design modifications. [675, 623, 690]
Disadvantages of snap-fits include a
greater difficulty of obtaining impervious seals
than with adhesives or welding methods and a
susceptibility to breakage, especially before
assembly. Some designs require more expensive
mold designs, such as side actions or collapsible
cores, and snap-fits are not practical in
thermoforming or blow-molding. [675]

APPLICATIONS OF SNAP-FITS
Snap-fits are used in a variety of industries
to assemble power tools, computer cases,
electronic components, toys, automobile parts,
medical devices, washing machines, pens, bottles,
and packaging boxes. Permanent snap-fits are
commonly used for disposable consumer products;
multiple snap-fits are used for pen caps and bottle
caps, that will be removed many times, and
automotive parts, which are removed for servicing.
Snap-fits can be used as a temporary holder for
other assembly methods, such as adhesive bonding
or welding. [690]
An example of a snap-fit design is a bottle
assembly used for dispensing medicines or
cosmetics. It consists of an injection molded
bottle, an injection molded cap, and an injection
molded dispensing cup. Annular snaps on the
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bottle neck provide an interference fit for the cap,
and a larger annular snap-fit fits the dispensing
cup. Retaining lugs on the dispensing cup fit over
the collar on the bottle neck to hold the cup in
place. [690]

COMMON PROBLEMS IN SNAP-FIT ASSEMBLY
Deflection is too high.
Plastic
deformation in the lock arm may result in
excessive deflection. Solutions include reducing
the undercut height, decreasing the return angle, or
tapering or increasing the taper in the beam. With
these modifications, the plastic deformation
becomes elastic, and the lock arm returns to its
original position. Alternatively, lock arm length
can be increased, or a material with lower strain
values can be used. [690]
Retention is too low. If the assembly does
not hold together, the lock arm thickness or width
can be increased, which increases the moment of
inertia. Alternative solutions include decreasing
lock arm length, increasing the return angle, or
using a stiffer material. [690]
Insufficient lock arm length prevents
deflection. Lock arm length can be increased or
lock arm height decreased, or a more elastic
material with higher strain values can be used.
[690]
Interference between the parts is too
small. Insufficient interference can result in
rattles and squeaks. To increase interference, the
return angle or lock arm height can be reduced, the
undercut can be increased, or part tolerances can
be lowered. [690]

SNAP-FIT TIPS
Two modes of failure determine the limits of snapfit design. To remain within the limit of the
fracture mode of failure, the flex finger cannot
break when it is flexed to the maximum deflection.
A snap-fit is generally designed to flex ≤ 10 times,
and fatigue is not considered in the design. The
fracture mode applies mostly to brittle, reinforced
materials. In the yielding mode of failure, the flex
finger takes a permanent set when flexed to the
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Figure 14.43 Snap-fit design guidelines. a) When multiple snap-fits are used, snap engagements should oppose each other. b) Supports or guides
around the perimeter of mating parts eliminates shear loading on the snap. The snap should work only in one direction. c) Each snap should be designed
with only one flexible member. d) Maximizing snap engagement minimizes the influence of tolerances and allows for engagement edge wear with use. e) A
deflection limiting backup can be used to prevent overstraining during insertion or removal. f) When impact properties are important, stiffness of the snap
should be overdesigned. Disengagement forces can exceed 900 times the weight of mating parts.
allows reassembly of the part using mechanical
fasteners. [690] Guidelines for designing snapfits are shown in Figure 14.43.

maximum deflection. To remain within the design
limits, a small set, <10% of maximum deflection,
is permitted after three flexes of the beam. This
mode applies more to ductile, unreinforced
materials. [623]
For parts that require disassembly and
reassembly for servicing, part design should ensure
that breakage of the snap-fit does not damage the
rest of the part. Designing molded-in bosses

RIVETS
Rivets are metal bolts or pins with a head
on one side. They are inserted into a preformed
hole through the materials being joined, and the

Figure 14.44 Commonly used rivet heads. Rivets with large heads are recommended for stress reduction. Countersunk heads should be avoided.
wth l ti i t i l t
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straight end is flared to lock the rivet into place.
Although rivets are commonly used for joining
sheet metal, they can also be used for joining
plastics. Common rivet heads are shown in Figure
14.44.
High stresses are produced in the plastic
parts during rivet fastening. Rivets with large
heads minimize stress by distributing the load over
a larger area. A rivet head should generally be 2.5
- 3 times the shank diameter. A washer under the
flared end of the rivet reduces high, localized
stresses. The amount of force applied to the part
can be limited by the use of a shouldered rivet or
by using aluminum rivets, which deform under
high stress. In addition, the rivet setting tool
should be calibrated to the correct length to control
compressive stress, and all sharp corners should be
rounded. [500, 640]
Clearance around the rivet shaft should be
wide enough for easy insertion but low enough to
prevent slippage of the assembled parts. Rivets
can be assembled by hammers and power tools in
addition to automatic assembly operations. [678,
500]

ADVANTAGES AND DISADVANTAGES
OF RIVETS

Loose assembly strength. The rivet may
be too long. A shorter rivet or thicker washer may
be useful. [623]

STAKING
In staking, a head is formed on a plastic
stud by cold flow or melting of the plastic. The
stud protrudes through a hole in the parts being
joined, and staking the stud mechanically locks the
two parts together (Figure 14.45). Staking can
only be used to join thermoplastics; polystyrene,
acrylonitrile-butadiene-styrene (ABS), styreneacrylonitrile (SAN), acrylic, polycarbonate, nylon,
acetal, modified polyphenylene ether (PPE),
polypropylene, polyethylene, and polysulfone are
commonly used for staking. [681]
Staking can be performed by four different
methods: ultrasonic staking, cold staking, heat
staking, and thermostaking. Ultrasonic staking is
described in Ultrasonic Welding; the other
methods are discussed below.

COLD STAKING
Cold staking or heading uses high
pressures to induce cold flow of the plastic
material; pressures of at least 41 MPa (6000 psi)

Costs of rivet fastening, including the
costs of rivets, labor, and setting time in parts, are
lower than for threaded fasteners, due to the large
volume,
high-speed
assembly
operations.
Dissimilar materials and parts of various
thicknesses can be joined, and riveted assemblies
are less susceptible to vibration loosening than
bolts and screws. [678]
Disadvantages include lower tensile and
fatigue strengths than comparable diameter bolts
and machine screws with nuts. Rivets produced in
volume are not usually made with the same
precision as screw-machine parts. [678]

COMMON PROBLEMS WITH RIVETS
Part cracking. Hole diameter may be too
small, the rivet may be too short, or assembly force
may be excessive.
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Figure 14.45 Staking. A plastic stud protruding from the part is
softened by heat or forced to cold flow by high pressure, forming a
mushroomed stud head that locks the parts together.
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are generally required. Stud lengths are
approximately 1.5 times the stud diameter; stud
length includes part thickness. [681]
Because cold heading creates high stresses
on the stud, only more malleable thermoplastics
are suitable for this process. Soft, brittle, or fragile
materials are not usually assembled by cold
staking. [681]
Processing considerations in cold staking
include good fixture support under the part wall
opposite the stud, use of a positive stop on the
staking press to prevent damage to the parts, a
large radius at the stud base to eliminate shear
stress, close hole size tolerance to prevent
collapse, and careful material selection. Cold
staking is not generally used when a tight assembly
is necessary. [681]
In another form of cold staking, a metal
insert, such as a threaded insert, electrical
connector post, or hypodermic needle is placed
into a plastic boss, and the plastic cold flows under
pressure onto or around the metal insert. If the
metal insert is knurled or has an undercut, the
plastic flows into the groove, and retention of the
insert is improved. [78]

HEAT STAKING
In heat staking, heated probes and light to
moderate pressure are used to compress and
reform the stud. Because stresses are lower than

in cold staking, heat staking can be used to join a
variety of plastic materials; ABS, polystyrene,
polypropylene, polycarbonates, and glass filled
nylons are commonly used. Heat staking is used to
join two parts of the same plastic, dissimilar
plastics or plastics to metal or other materials. It is
an economical process that produces consistent
results. [677, 681]
Design. Design factors important in heat
staking are stud diameter, height, and geometry.
Stud height above the mating piece should be
about 1.5 - 3 times the stud diameter. This will
result in a 3 to 1 ratio of stud head to stud diameter
after staking. Stud diameter depends on the
material and its moldable wall thickness. ABS and
polycarbonate stud diameters are typically 0.1 - 0.2
cm (0.04 - 0.09 in.). Diameters of 0.2 - 0.6 cm
(0.09 - 0.25 in.) are common for structural foam.
[677]
Appropriate probe, stud, and stud head
geometries (Figure 14.46) vary with application
requirements. Flat tip probes are used for throughhole fastening and are the easiest probes to tool
and maintain. If cosmetic appearance of the stud
head is important, dimpled probes can be used;
these probes require a machined recess in the
probe tip. A cross-shaped stud or hollow boss is
recommended for high strength retention and to
minimize sink marks in front surfaces from
injection molding large studs or thick wall

Figure 14.46 Stud head geometries and probe tips.
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sections. If the boss hole is needed for other
attachments such as self-tapping screws or inserts,
a rosette shaped probe tip can be used to flair out
the hollow boss. If retention of components such
as glass lenses require side swaging, contoured
angle probes can be used to form the stud head on
the side, capturing the edge of the component.
Spring plungers are used for compression
of the assembly, to ensure proper contact between
the parts and to eliminate joint gaps caused by part
warpage, poor-fitting parts, or operator error.
Processing parameters. Precise control
of temperature, pressure, and cycle time is
important for good results in heat staking.
Tolerances in temperature are usually less than ±
8.3oC at the staking tool. Typical pressures are ≤
7 MPa (1000 psi), and cycle times generally range
from 1 to 5 seconds. [681]
Disassembly of staked parts is possible
using precise heat and pressure. High heat and a
60o pointed probe allow the stud head material to
reflow for removal; alternate holes and selftapping hardware or new studs can then be used
for reassembly. [677]

Figure 14.47 A thermal press used in heat staking.
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Equipment.
Heat staking equipment
provides precise control and adjustment of
processing parameters and interchangeable
tooling, allowing use for other joining
applications. Rigid frames provide resistance to
high temperatures and accurate part alignment. A
thermal press used for heat staking is shown in
Figure 14.47. [677]
Applications. Heat staking is frequently
used for forming large quantities of studs
simultaneously, such as in assembling computer
keyboards, for forming large or irregularly-shaped
studs on varying planes simultaneously, for
assembling small quantities of components, or for
low-budget applications. Heat staking is used in
the automotive, telecommunications, medical and
consumer appliance and electronics industries.
[681, 677]

THERMOSTAKING
Thermo-pneumatic staking, also known as
thermostaking uses a heated, hollow tool to deliver
a low volume of superheated air to the plastic stud.
The tool is lowered over the stud, and the hot air
rapidly softens the plastic. The hot air flow is then
shut off, and a cold stake probe located at the top
of the tool descends onto the stud. A stud head is
formed, and, after the plastic solidifies and cools,
the cold staking probe is retracted. [681, 495]
A variety of cold stake probe designs can
produce stud heads that are domed, split, knurled,
or flared. Several studs of different sizes and
shapes and on different planes can be staked
simultaneously, and spring loaded clamps can be
used for tight assembies. Parts of up to 1.2 - 2.4 m
(4 - 8 ft.) have been joined using thermostaking.
[681, 495]
Advantages. Thermostaking is a highspeed process with low production costs. Part
surfaces are not damaged due to the controlled hot
air and cold stake head, making thermostaking
useful for joining parts with decorative foil and
surface finishes. The cold stake head rapidly
solidifies the stud, eliminating the sticking and
stringing of the plastic stud that can occur with a
heated stake head. [495, 681]
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