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ABSTRACT—

Board-mounted connectors in industrial equipment are frequently blamed for intermittent faults that are, in reality, caused by the mechanical load of the attached
cable. This paper assesses how cable weight and inadequate strain relief contribute to failure of printed-circuit-board (PCB) connector solder joints under service
vibration. A lever-arm model converts the cable’s weight and its mating housing into a prying moment on the connector, a dynamic amplification factor accounts
for vibration, and a Basquin-type stress—life relation estimates fatigue life. A Monte Carlo study of 80,000 virtual connectors, covering four cable types and four
strain-relief arrangements (none, cable tie, clamp, and clamp with moulded boot), evaluated the probability of failure within a 20,000-hour design life. Without
strain relief the failure probability was 68.3%; it fell to 31.6% with a cable tie, 2.2% with a clamp, and 0.6% with a clamp and boot. The median dynamic stress
amplitude was about 9 times the static stress, so cable weight acts mainly through vibration rather than as a static overload. Unsupported cable length, cable mass
per metre and vibration level were the dominant factors, and a design chart gives the largest length that may be left unsupported. Design rules and a validation test

plan suitable for diploma-level practice are given. The study is model-based; its assumptions are stated and should be verified by testing.

Index Terms—Cable weight, connector failure, fatigue, printed circuit board, solder joint, strain relief, vibration.

L. INTRODUCTION

Industrial equipment such as motor drives, programmable logic controllers, CNC machines, conveyors and power supplies is built from printed
circuit boards (PCBs) that are connected to sensors, actuators and other boards by cables. The board-mounted connector is the mechanical and electrical
interface between the cable and the board. When a machine develops an intermittent fault that disappears when the cable is wiggled, the connector is
usually suspected, yet the connector itself is often a victim rather than the cause: the real cause is the mechanical load that the cable places on it [2], [3].

Two aspects of that load are commonly overlooked at the design stage. The first is cable weight. A cable that hangs unsupported from a connector
acts as a lever and applies a moment that tries to pry the connector away from the board. The second is inadequate strain relief, meaning that there is no
clamp, tie or boot to carry the weight and the motion of the cable to the chassis instead of to the solder joints. Under the continuous vibration of an
industrial environment, the combined effect is cyclic stress at the solder joints, which leads to fatigue cracking, intermittent contact and finally an open
circuit [1], [2].

Design guidance and workmanship standards recognise that cables must be supported [10], [11], but diploma-level students and maintenance
technicians rarely see a quantitative link between how heavy a cable is, how far it overhangs, and how long a connector is likely to survive. This paper
provides such a link using a simple, transparent model. The main contributions are: (i) a lever-arm and fatigue model that can be evaluated with a
spreadsheet or a few lines of code; (ii) a Monte Carlo comparison of four cable types and four strain-relief arrangements; (iii) a sensitivity analysis
showing which design factors matter most; and (iv) practical design rules and a test plan.

The paper is organised as follows. Section II reviews failure modes and related work, Section III develops the mechanical model, Section IV describes
the simulation, Section V presents the results, Section VI gives design guidelines and a validation plan, and Section VII concludes.

II. BACKGROUND AND RELATED WORK

A. Failure Modes of Board-Mounted Connectors

Cable-induced loading can damage a connector assembly in several ways (Table I). The most common in vibrating equipment is fatigue cracking of
the solder joints on the pins that carry the prying tension, because solder is much weaker in fatigue than the copper and the connector body [1], [4].
Repeated micro-motion between pin and contact also produces fretting corrosion, which raises contact resistance and is a typical cause of intermittent
faults [3].
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TABLE I

CABLE-INDUCED FAILURE MODES OF PCB CONNECTORS

Failure mode Mechanism Prevention
Solder-joint fatigue crack  Cyclic prying stress at tension-row pins Strain relief; board hold-downs
Pad or track lift-off Overload of the pad—laminate bond Larger pads; mechanical retention
Fretting at contacts Micro-motion between mating contacts  Locking connector; reduced cable
motion
Housing or latch cracking Sustained cable pull or bending Support cable; service loop

B. Related Work and Standards

The vibration behaviour of electronic assemblies was treated systematically by Steinberg, who showed that failure is governed by displacement and
acceleration at the resonant frequency of the board and its attachments rather than by static load [2]. Lau gives the theory of solder-joint reliability and
the fatigue behaviour of solder alloys [1], and Mroczkowski discusses connector design, including the need to isolate the contact interface from external
cable forces [3]. Fatigue life under cyclic stress is commonly described by the stress—life relation of Basquin [5], [6]. Acceptance criteria for soldered
assemblies and for cable and wire-hamess assemblies, including cable support, are given by IPC-A-610 [10] and IPC/WHMA-A-620 [11], and
vibration test methods by IEC 60068-2-6 and IEC 60068-2-64 [12], [13]. What is missing from this literature, for the student reader, is a compact
calculation that isolates the effect of cable weight and strain relief. The present paper fills that gap.

III. MECHANICS OF CABLE-INDUCED LOADING

A. Load Path

Fig. 1 shows a connector soldered to a PCB, with a mating housing and a cable of mass per unit length w extending a length L from it. If no strain
relief is fitted, the cable weight acts along the whole length. If a clamp or tie holds the cable to the chassis at a distance ¢ from the connector, only the
part of the cable between the connector and the clamp loads the connector, so the effective length is L. = min(Z, c¢). The prying action is resisted by the
row of pins farthest from the point where the connector body bears on the board, separated from it by a lever arm b.

unsupported length L

>
Tension row of W = wlLg (cable weight)
solder joints
(prying) l
I—I
PCB
lever arm b

Fig. 1. Load path of a cable-loaded PCB connector: cable weight, effective length, strain-relief clamp and prying lever arm.

B. Static Moment and Joint Stress
The cable weight over the effective length is
W=wlL.g @)

where g is the acceleration due to gravity. Treating the cable as a uniformly loaded cantilever and adding the weight of the mating housing mj, acting at
a small arm aj;,, the moment on the connector is [7]

M=wgLl/2+mygan 2
This moment is carried as a couple between the tension row of pins and the bearing point, so the total tension force is M/b. Sharing it equally among n,
pins of joint area 4;, and multiplying by a stress-concentration factor X for the solder fillet, gives the static joint stress
o.= KM/ (bni 4) (3)

C. Dynamic Amplification
In operation the equipment vibrates, so the cable mass is accelerated. If the base vibration has an RMS acceleration of G (in multiples of g), and the
cable and connector assembly amplifies it by a factor Q near resonance, the inertial load is GQ times the weight load. A quasi-static equivalent stress
amplitude is therefore
a=GQoa “
This is a deliberate simplification of the random-vibration analysis in [2], but it keeps the proportionality between weight, length and damage that is the
subject of this paper.
D. Fatigue Life
Fatigue life is described by a Basquin-type relation anchored at an endurance stress amplitude o., which gives N. = 107 cycles [5], [6]:
Ne=N. (02 / )™ )
where m is the fatigue exponent. If the dominant vibration frequency is f'and the equipment vibrates for a fraction ¢ of its operating time, the life in
operating hours is
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Tr=Ni/ (3600 fp) (6)
A connector is considered failed if 7t is shorter than the design life 7 = 20,000 h of operation, and the probability of failure is
Py=Pr(T; < Tp) @)

E. Representing Strain Relief

Four arrangements were modelled (Table II). A cable tie to the board or chassis is loose and far from the connector. A properly placed clamp is close
to the connector and reduces both the effective length and the amplification. A clamp combined with a moulded strain-relief boot is closest and also
adds damping.

TABLE 11

STRAIN-RELIEF CASES

Case Clamp distance ¢ (cm) Multiplier on Q
None No support (L. = L) 1.00
Cable tie 10-20 0.85
Clamp 3-6 0.70
Clamp + boot 2-4 0.50

F. Worked Example

The calculation can be followed by hand. Take a 30 cm multicore cable (w = 0.08 kg/m) on a connector with m,=17.5 g, a;, =20 mm, b =6 mm, 12
tension-row pins of 0.85 mm?, K, =3, G=1g, Q0 = 6.5, f= 100 Hz, ¢ = 0.2, 6. = 20 MPa and m = 6.5. Table III gives the intermediate values for the
unrelieved cable and for the same cable clamped at 4.5 cm, where Q is reduced to 4.55. Clamping reduces the moment by a factor of about 9 and the
stress amplitude by about 13, and because life varies as g, ™ the calculated life increases by many orders of magnitude.

TABLE III

‘WORKED EXAMPLE (MEDIAN PARAMETERS)

Quantity No strain relief Clamp at 4.5 cm
Effective length L. (cm) 30.0 4.5
Cable weight W (N) 0.235 0.035
Moment M (mN-m) 38.75 4.23
Static stress o (MPa) 1.90 0.21
Amplitude o, (MPa) 12.35 0.94
Cycles to failure Ny 2.3x108 4.2x10"
Life Tt (h) 3.2x10° 5.8x10'°

IV. SIMULATION METHOD

A. Parameters

Because physical test data were not available, the model parameters were drawn from plausible engineering ranges (Table IV). These are
assumptions chosen by the authors for illustration; they are not measured properties of a particular product. The endurance stress and fatigue exponent
in particular should be replaced by values for the solder alloy and joint design in use. The model is therefore best read as a comparison of relative risk,
not as a prediction of the absolute life of a specific connector.

TABLE 1V

MODEL PARAMETERS (ASSUMED RANGES)

Parameter Value / range
Cable mass w (kg/m) Ribbon 0.03; multicore 0.08; shielded 0.15; power 0.25 (£10%)
Cable length L (cm) 10-50 (uniform)
Housing mass my; arm ay 5-30 g; 20 mm
Lever arm b 4-8 mm
Pins in tension row 7, 5-20
Joint area 4; 0.5-1.2 mm?
Stress concentration K; 2-4
Vibration G; amplification Q 0.2-3.0 g RMS; 3-10
Frequency f; exposure ¢ 30-200 Hz; 5-40% of time
Endurance o.; exponent m Median 20 MPa (log-normal, 20%); 5-8

Design life 7p 20,000 h of operation
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B. Monte Carlo Procedure

For each strain-relief case, 20,000 virtual connectors were generated by drawing every parameter independently from its distribution, using NumPy
[14] with a fixed random seed. Equations (1)—(7) were evaluated for each, and P; was the fraction with 7; < Tp. The same procedure was repeated for
each of the four cable types separately (5,000 samples for each of the 16 cable and strain-relief combinations, in addition to the 80,000 evaluations of
the four aggregate cases). In addition, Py was computed as a function of vibration level, and the influence of each parameter on log-life was ranked by
standardised regression coefficients (SRC), a standard screening method for sensitivity analysis [15].

V. RESULTS AND DISCUSSION

A. Static Versus Dynamic Stress

For the unrelieved case the median static joint stress was only 2.2 MPa, whereas the median dynamic stress amplitude was 18.1 MPa, about 9 times
larger and close to the assumed endurance stress of 20 MPa. In 99% of cases the static stress was below 27 MPa, which approaches an assumed static
strength of 30 MPa only for the most unfavourable combinations of small lever arm, few pins, small joint area and a long heavy cable. Cable weight is
therefore seldom a simple static overload; its main effect is to supply the inertial load that cycles the joints under vibration. This explains why
connectors may survive months on the bench and fail quickly in service.

B. Effect of Strain Relief

Strain relief had by far the largest effect (Table V). Without it, 68.3% of the virtual connectors failed within the design life. A cable tie reduced this
to 31.6%, a clamp to 2.2%, and a clamp with boot to 0.6%. The cable accounted for a median of 92% of the prying moment when unrelieved but only
12% with a clamp and boot, where the weight of the mating housing then dominates. Median lives above about 10° h should be read simply as “no
failure expected”, not as literal predictions, because they depend on the extrapolation of eq. (5).

TABLE V

RESULTS BY STRAIN-RELIEF CASE (20,000 CASES EACH)

Case Ps (%) Reduction (%) logio median life (h) Median M
(mN-m)
None 68.3 — 24 39.9
Cable tie 31.6 53.7 5.8 14.5
Clamp 22 96.7 9.5 4.7
Clamp + boot 0.6 99.2 11.0 4.0
(a) No strain relief (b) Clamp at 4.5 cm
10" -
=
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] = Multicore G-core
= 10° o Gieided 1o 7]
101 Power 4-core "

20 40 20 40
Cable length (cm) Cable length (cm)

Fig. 2. Life versus cable length at median parameters, without strain relief (a) and with a clamp at 4.5 cm (b). The dashed line is the 20,000 h
design life.

Fig. 2 shows the mechanism at median parameters. Without strain relief, life falls steeply with cable length because the moment grows with the
square of length in (2). For a 30 cm multicore cable the deterministic life is about 3,194 h, which is below the design life. With a clamp at 4.5 cm the
life is independent of the overall cable length, since the clamp isolates the connector from the cable beyond it. The cumulative distributions in Fig. 3
show that strain relief shifts the whole life distribution by several orders of magnitude, including its lower tail, which is the part that determines early-
life field failures.
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Fig. 3. Cumulative distribution of estimated life for the four strain-relief cases (dashed line: design life).

C. Effect of Cable Type

Heavier cables were consistently worse (Fig. 4). Without strain relief, P; rose from 41% for a ribbon cable to 88% for a four-core power cable,
which is about eight times heavier per metre. Even a simple cable tie halved the risk for light cables but left more than half of the power-cable
connectors at risk. With a clamp, all cable types stayed below 4%, so a good clamp makes the connector largely insensitive to the choice of cable.

100
Ribbon 20-way
80
Multicore 6-core R®
60 =
z
=
g
Shielded 12-core 40 E’
20
Power 4-core
0

None  Cable tie  Clamp Clamp + boot

Fig. 4. Probability of failure (%) by cable type and strain-relief case.

D. Effect of Vibration Level

Fig. 5 shows that the benefit of strain relief increases with the severity of vibration. At 0.2 g RMS the unrelieved Py was already 17%, rising to 88%
at 3 g, while the clamp with boot stayed at or below 2% over the whole range. Equipment mounted on motors, compressors, presses or vehicles, where
vibration is continuous, should therefore never rely on the stiffness of the cable alone.

80 +
@i 60 —&— None
’E =—&— Cable tie
g 40 4 —&— Clamp
& —&— Clamp + boot
=9
20 A
.2
0 o » @ & o *
T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0

Vibration level Gms (8)

Fig. 5. Probability of failure versus vibration level for each strain-relief case.

E. Sensitivity Analysis

Fig. 6 ranks the factors for the unrelieved case. A linear regression of log-life on the logarithms of the inputs explained 98% of the variance, so the
coefficients are a reliable guide. The unsupported length (SRC -0.52), the cable mass per metre (-0.49) and the vibration level (-0.47) were the
dominant influences, followed by the number of pins in the tension row (+0.29) and the amplification factor (-0.24). The three controllable mechanical
quantities, cable mass, length and the position of the first support, therefore matter more than the details of the solder joint. The mass of the mating
housing was unimportant (-0.04) once a long cable is attached.
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Fig. 6. Standardised regression coefficients of the model inputs on log life (unrelieved case).

F. Allowable Unsupported Length

The model can be turned into a design chart. For each cable type and for three vibration levels, the unsupported length was increased from 1 to 50
cm (4,000 virtual connectors per point, no strain relief) and the length at which P first exceeds 5% was found by interpolation (Fig. 7 and Table VI).
For the 6-core multicore cable the limit falls from 19 cmat 0.5 gto 11 cm at 1 g and 4 cm at 2 g; for the 4-core power cable the corresponding limits
are 10, 6, 2 cm. At 2 g, even a ribbon cable may overhang by only about 6 cm, which in practice means that the cable must be clamped at the connector.
The exact values depend on the assumed parameters, but the trend is a useful rule: the heavier the cable and the stronger the vibration, the shorter the
length that may be left unsupported.

100 4/ —o— Ribbon 20-way
—&— Multicore G-core

—_ 80 —&— Shielded 12-core
& Power 4-core
= 60
£
: w0
=

20

0 {oocd=g=——="""" ""TTTTTTTT T T T
T T T T
0 10 20 30 40 50

Unsupported length L (cm)

Fig. 7. Probability of failure versus unsupported length at 1 g RMS, without strain relief (dashed line: 5% target).
TABLE VI

LARGEST UNSUPPORTED LENGTH (CM) FOR P <5%

Cable type 05¢g 1g 2¢g
Ribbon 20-way 31 19 6
Multicore 6-core 19 11 4
Shielded 12-core 13 8 3
Power 4-core 10 6 2

G. Limitations

Several limitations apply. The cable is treated as a uniform cantilever with no bending stiffness or damping, although real cables are stiff near the
connector and may share load with the housing. The dynamic load is a quasi-static equivalent rather than a full random-vibration response, and the
fatigue parameters are assumed. Connectors with screw retention or board locks, which carry part of the moment away from the solder joints, were not
modelled. Finally, the failure criterion is a calculated life and no physical test data were used. The results should be used to rank design options and to
select tests, not to certify a product.

VI. DESIGN GUIDELINES AND VALIDATION

A. Design Rules
The results lead to the rules in Table VII. They follow the same order of importance as the sensitivity analysis: first reduce the load reaching the
connector, then increase its strength, and finally verify the result.
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TABLE VII

DESIGN RULES FOR CABLE-LOADED PCB CONNECTORS

Measure Reason

Clamp the cable to the chassis or board a few centimetres Cuts effective length L.; moment falls with L2

from the connector

Fit a moulded strain-relief boot at the cable entry Adds damping; lowers Q
Prefer lighter or more flexible cable; split heavy bundles Reduces w
Leave a service loop so the cable is never in tension Avoids static pull on the housing
Use locking connectors with board hold-downs or screws Shares the moment with the board
Use large pads, through-hole pins or retention pegs Lowers o; via n; and 4;
Inspect against workmanship criteria [10], [11] Detects poor strain relief early

B. Validation Plan

Because the model is based on assumed parameters, the guidelines should be validated by test. A suitable plan is to mount the assembled board and
cable on a shaker, apply sinusoidal and random vibration following IEC 60068-2-6 and IEC 60068-2-64 [12], [13], monitor continuity on every pin
with an event detector, and compare unrelieved and clamped configurations (Table VIII). The measured times to first interruption can be fitted to eq.
(5) to obtain real values of o, and m, after which the Monte Carlo study can be repeated.

TABLE VIII

SUGGESTED VALIDATION TESTS

Test Purpose
Sinusoidal vibration sweep, IEC 60068-2-6 Find resonances of cable—connector assembly
Random vibration, IEC 60068-2-64 Measure life under service-like spectrum
Continuity monitoring on all pins Detect intermittent opens
Static cable-pull and side-load test Measure strength of joints and housing
Cross-section / dye-and-pry inspection Confirm solder-joint crack location

C. Field Diagnosis

Maintenance technicians can recognise cable-induced connector failure from a few signs (Table IX). Faults that appear or vanish when the cable is
moved, vibration or temperature changes, point to a mechanical cause rather than a component failure. Under magnification, a hairline ring of cracked
solder around the pins of one row, and a connector that is slightly lifted at one end, indicate prying. Replacing the connector without adding strain relief
usually brings the fault back, because the original load path is unchanged. A repair is complete only when the cable has been clamped and the clamp
distance has been recorded.

TABLE IX

FIELD DIAGNOSIS OF CABLE-INDUCED FAULTS

Observation Likely cause
Fault appears when cable is moved or tapped Cracked joint or fretting
Cracked solder ring on one pin row Prying from cable weight
Connector lifted at one end Sustained pull or overhang
Fault returns after connector replacement Strain relief missing; load path unchanged
Dark, dull contact surfaces Fretting corrosion from micro-motion

VII. CONCLUSION

A lever-arm and fatigue model was used to assess how cable weight and inadequate strain relief contribute to PCB connector failures under vibration.
In a Monte Carlo study the probability of failure within a 20,000 h design life was 68.3% without strain relief and 2.2% with a clamp near the
connector, falling to 0.6% when a boot was added. Dynamic stress was about 9 times the static stress, so the weight of the cable harms mainly through
vibration. Unsupported length, cable mass per metre and vibration level were the dominant factors, and the permissible unsupported length fell to a few
centimetres for heavy cables at 2 g, while a well-placed clamp made the connector largely insensitive to cable type. Because the parameters were
assumed, the results show relative risk and should be confirmed by vibration testing. Future work will fit the model to shaker-table data, include screw-
retained connectors and random-vibration response, and extend the study to board-to-board and circular connectors.
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