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Introduction

Purpose

This project is meant to promote renewable behaviours through repair and improvement over discard and
replacement. To meet this goal, this document describes the development of a solution to enable the BMW e28 chassis
to tow trailered loads with a standard ball hitch.

Problem Definition

Original €28 chassis do not come equipped with tow hitch receivers. BMW has previously offered a solution for
their European vehicles with a tow mass rating of 1800kg [7]; however, this product is long since discontinued, and was
quite intrusive into the trunk area with large bolts and plates to clamp down on the sheet metal, supports stretching
from under the taillamps to the tops of the rear strut towers, and a long, complicated install procedure. There are no
current aftermarket solutions for these cars. The problem to solve is offering a simple tow hitch receiver that does not
modify the chassis and matches the original capacity.

Summary

This document describes the development of a trailer hitch receiver for the BMW e28 chassis. In the design
process analysis was done to determine a minimum strength of the chassis where the receiver is to mount. To determine
the minimum strength, calculations were done based on bumper safety standards applicable to this vehicle. Comparing
the maximum stresses calculated from towing at rated capacity versus the minimum stresses based on required impact
ratings, it was found that the chassis cannot be damaged through towing at maximum capacity. The maximum stresses
calculated are based on a handful of assumptions and neglected factors which aim to exaggerate the calculated values to
add a layer of safety for the design. Although the chassis won’t be damaged by an 1800kg unbraked load it is not
recommended as the maximum deceleration is significantly decreased and could be dangerous in the event of an
emergency stop.

Methodology

Measured Values

Several values needed to be measured for both calculations and design decisions. For the receiver to mate to the
existing chassis and fit between the exhaust and bottom of the bumper, the bumper shock absorber flange profile,
spacing, and compression distance were measured. To estimate the frictional coefficient of tires, acceleration values at
maximum braking were measured. A 3D scan of the chassis was taken to test fit the model in software prior to any
assembly.

Calculated Values

The maximum normal acceleration withstood by tires was calculated by recording the velocity where grip would
turn to slip through a corner and measuring the radius of the corner at that time. The average deceleration in impact
tests was calculated using the displacement of the bumper shock absorbers, and the speed of the impact test. The centre
of gravity of the e28 chassis was calculated using the weight distribution, and wheelbase of the car. Equations were
developed to determine the maximum straight-line loads on the hitch receiver based on tow mass, road grade, and tire
friction limits.



Assumptions

To solve some of the equations developed, assumptions had to be made. The intent of the assumptions made is
to increase the estimated forces on the receiver, decrease the chassis rated minimum stresses, or to simplify calculations
due to variables that frequently change. The following assumptions were made and held consistent throughout the
calculations.

Trailered load is 1800kg mass.

Tongue carries 10% of trailered weight.

Trailer axle to tongue length is 2.45m.

Trailered load is slender and has negligible aerodynamic drag even at high speeds.

Trailered center of mass, tow ball, and vehicle centre of mass are all 0.6m above ground level.
Tires have a static frictional coefficient of 0.80.

Trailer axle has a static rolling resistance coefficient of 0.015 [1].

Unpowered, non-braking chassis axles have a static rolling resistance of 0.015 [1].
Deceleration during a crash tests is constant.

Neglected Factors

The purpose of neglecting the following factors is to simplify the calculations and bias them towards higher
stresses throughout the system. Neglecting the slight increase of tire friction from wheel slip implies that when towing a
load, the driver will act responsibly without slipping any tires.

Aerodynamic drag of the vehicle.

Vehicle weight transfer from brake dive and acceleration squat.
Vehicle weight transfer from transverse loading.

Increased tire friction between 5%- and 20%-wheel slip.

Brake bias and force limits of the braking system.

Acceleration limits from the engine.

Establishing a Baseline
Chassis and Receiver Strength Minimums

Analysis of the chassis has been done based on the test procedures and requirements for bumpers outlined in
[5]. Based on Table 1 and the fact that the North American e28 chassis remained unchanged through all its production
starting model year 1981, the minimum bumper impact ratings can be summarized as the chassis remains undamaged
following a 5 MPH straight forward front and rear impact or a 3 MPH impact at an angle of 60° from the centre line of the
car. The claim to an undamaged chassis follows from a list of definitions written in [5].

The patent describing the rear bumper shock mechanism [2] describes different dimensions from what is
measured on the vehicle; however the shape of graph 2 depicting load vs stroke tells us that there is a roughly linear
relation between stroke distance and reaction force, which by extension would be seen as a linear increase of
deceleration during a crash.

The original tow hitch receiver is commonly rated at 1800kg online [7], although a reputable source has yet to be
found. For the European version of this vehicle, a sales brochure translated from Dutch using Duck Duck Go’s translator
claims “Permissible trailer weight braked 1400 kg up to max. 12% incline, unbraked 500 kg (trailer weight increase
possible, please contact your BMW dealer).” [6]. The mention of possible weight increase supports the claim of a
maximum of 1800kg. For the calculations done, the assumption follows an 1800kg load without brakes.



Comparison of Calculated and Measured Values

To ensure the values used as the baseline in the calculations are reasonable, this is a comparison of calculated
and measured values using data from multiple sources. In the following text g’s are used in reference to acceleration, 1 g
is 9.81m/s?, and coefficient before g can always be translated as the coefficient of friction between the tire and road
surface. Maximum deceleration has been measured at 0.80 g’s in a test vehicle; the performance model €28 m5
manages an average of 0.97 g’s, (1) using data from info sheet 1. Readings from [1] summarize a technical document
outlining requirements for braking system performance, of which the greatest deceleration value is 20 ft/s? (0.62 g’s).
Historical data combined with a measurement from Screenshot 1 provides a lateral acceleration of 0.80 g’s (6). The test
vehicle used measured lateral acceleration at 0.60 g’s. Given that [3] is using performance tires and an improved braking
system, the slightly higher deceleration is logical.

Chassis Maneuverability Limitations

Every vehicle’s maneuverability is ultimately limited by the tires. Based on 0.80 g’s of acceleration for both
straight line and lateral motion, the coefficient of static friction between the tires and the road surface can be
determined as 0.80. That is to say that in any position the net acceleration of the vehicle can not exceed 0.80 g’s. This
limit decreases once the trailered load is considered, although the coefficient of friction for the driving vehicles tires does
not change. The calculations done to determine the maximum loads present during trailering are in the scenario of
perfect braking. Events of large forward and lateral acceleration would be considered irresponsible during towing and as
such there are no calculations in this report covering those scenarios.

Design
Description

The primary goal of the design is to enable users to safely tow any cargo up to 1800kg mass. Beyond reaching
this target the design focuses on fixing some issues prevalent in the OEM offered solution from many years ago, these
improvements are directed at not impacting the functionality of any safety equipment, not being an eyesore, and not
protruding into the trunk area or modifying the chassis in any other way. Featured in the design is safety hoops for safety
chains to be installed on, a wire run routing that forces a drip loop into the harness, and a large split to even out the
reaction forces and stresses developed during towing. The design is on it’s third revision after the first major change.
Future changes are limited to adjusting the split to further improve the load balancing and the designated failure point.

Materials

The goals of specifying materials for this design are primarily to reduce cost, and secondly to prevent corrosion.
For all make parts designed the material is mild steel, this is because mild steel is easy to weld, cheap, and strong. All
installation hardware should be stainless steel to prevent corrosion. The receiver should be powder coated to withstand
the harsh conditions present during road travel.

Safety

For this receiver to have no interference with the original safety equipment, when installed without a tow ball
the receiver must not protrude past the distance of an uncompressed bumper. There must be no way for a trailered load
of 1800kg or less to damage the chassis. The electrical system to provide power for running, brake, and turn signal lamps
must be fully sealed where it leaves the chassis, be properly sleeved to prevent abrasion, and have drip loops to ensure
water does not collect in the connectors.



Model Images and Drawings

figure 1: Model version 1A [created by author]  figure 2: Model version 2B [created by author]

figure 3: Model version 2C [created by author]

figure 4: Point of failure [created by author]

figure 5: Relief for stress management in version 2C [created by author]

figure 6: wire exit on bottom forces drip loop [created by author]
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figure 7: Center chassis mount drawing [created by author]
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figure 8: Outside chassis mount drawing [created by author]

2 !

Chassis Mount
Flange A

ChassisMountFlangs
e Een



F F i 835 ¢
 —
0
63.50
c c £ c
\ 1/8" Plate Welded H
[ [ 1] A 7.20 ] I
a A3 ag
®
D 5.50 n,ﬁ D b g K B
< g = B
2 el I - \.L/
E =
S 2
C C - C
A
qQ 45.00
I 55.00
8 8 I} 8
Safety Hoop o  Crossmember
(YL ey N o A A }:::n A
e = = =
SafetyHooks Full Length Cross™
; - = o ; = e Er
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figure 11: Receiver assembly drawing [created by author]



Calculations

Deceleration of performance model E28 M5:

Maximum Braking Tests from External Source [3]: 100KPH = 27.778 m/s,At = 2.9s

Av _ 27.778%-0%

s — m
At 2.9s =9.579 52 (1)

Deceleration and forces from bumper impact requirements:
5 MPH impact: SMPH = 2.2352m/s,As = 0.075m

m.
_VE-VE 0—(2.2352?)2

m
@="%as ~  2x0075m _33'30753_2 (2)
Fret = m X a = 1400kg X 33.3075?2 = 46630N (3)
3 MPH corner impact: 3MPH = 1.3411m/s,As = 0.075m
2_py2  0—(1.34112)2
a="VA_ SN 1199032 (4)
2XAs 2%x0.075m N
Foet =m X a = 1400kg X 11.9903522 = 16786N (5)

(inline with the car,+ cos(30) to get total force = 19,384N )
Maximum lateral acceleration:

Curvature radius: 50m [8], maximum velocity: 70km/h (19.44m/s)

»2 (19.44%)2
ap =—=—""7""

m
- ——=75617% (6)

Center of gravity of the chassis:
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Bumper impact reaction forces:
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Equations governing hitch forces:
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Note: at 1800kg the maximum deceleration is 3.949m/s? (0.40 g’s) which is below the minimum deceleration values for

road vehicles presented in [1]; because of this towing unbraked loads at or near the rated capacity of 1800kg is not
recommended.
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Geometry analysis of the bumper shock flange and stress calculations:
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Geometry analysis of the hitch receiver mounting flanges:
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Stresses due to fully loaded receiver reactions:
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At the centerline the normal stresses due to bending are zero. The maximum direct normal stress has already been

. : N 18426.36N
determined. For the 3MPH corner impact, 04y = = —>——
A~ 3200.313mm

5.758MPa+0MPa

= 5.758MPa. Using the equation Tpax in—piane =

\/(@)2 + Txy? Gives a maximum shear stress ofJ( )2 4+ 4.406MPa? = 5.26MPa. The same analysis is

2780N

done with the trailer hitch loads resulting as 04,5 = Ty —"

= 0.6065MPa, and Tiax in—plane =

0.6065MPa+0MPa

——

MPH impact. The shear forces in other directions are minor in comparison and the calculations have been left out of this
report.

)2 + 4.762MPa? = 4.77MPa. The maximum shear stresses from towing are also less than that of a 3
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Future Work

In continuing this project, the primary focus is to further develop the equations governing the forces acting on
the tow ball. These new equations should aim to remove as many assumptions and neglected factors as possible, most
importantly brake dive, differences in the height of the centre of mass, changes to the tongue weight and variations in
tongue to axle distance. There should also be effort put into calculating the forces present under high lateral acceleration
and speed bump/pothole analysis. Lastly, a standardized repair patch to fix corrosion on rear bumper mount flanges
should be designed as corrosion in this area is quite standard on these aging cars.

Conclusion

This project began with the goal of reducing waste through improving the functionality of an existing vehicle;
that goal has been proven possible with calculations to back up the claims of a towing capacity at 1800kg unbraked. This
document details the assumptions made, calculations performed, completed design and design features, as well as
media to showcase the design and how it would look mounted on the vehicle. The receiver is given an 1800kg rating,
although unbraked loads will prove difficult to stop at or near this limit. Unbraked loads are recommended to be limited
to 500kg to increase safety, this is an arbitrary decision made to match BMW'’s towing capacity ratings from [6].
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Appendix

Table 1:

Safety standards described by [4].
Standard Model Year(s) Applicable Barrier/Pendulum Speed and Parts Affected
FMVSS 215 1973 5 mph front and 2 1/2 mph rear impact with

barrier. Safety-related parts only.

FMVSS 215 1974-1978 5 mph front and rear impacts with barrier and
pendulum; 3 mph corner impact with pendulum.
Safety-related parts only. Pendulum test
established bumper height between 16 and 20

inches.
Part 581 1979 As above, plus no damage to exterior surfaces,
incorporating except bumper facebar and its fasteners.
FMVSS 215
As above 1980-1982 As above, except face bar can have no permanent
deviation in contour or position greater than 3/4
inch, and no permanent localized surface deviation
greater than 3/8 inch.
As above 1983 and thereafter 2.5 mph front and rear impacts with barrier and
pendulum; 1.5 mph corner impact with pendulum.
No damage to safety-related parts and exterior
surfaces, except bumper facebar and fasteners.
Table 2:
Acceleration values recorded during testing, measuring device is an iPhone 11 accelerometer [created by author].
Normal Driving Maximum Values
Acceleration 0.2g Acceleration 0.5g
Deceleration 0.3g Deceleration 0.8g
Left Turn 0.2g Left Turn 0.6g
Right Turn 0.2g Right Turn 0.6g
Table 3:
Static coefficient of rolling resistance for basic calculations provided by [1].
Surface
Vehicle Type Concrete Medium Hard Sand
Passenger cars 0.015 0.08 0.30
Heavy Trucks 0.012 0.06 0.25

Tractors 0.02 0.04 0.20



Graphs 1 & 2:
Graphs depicting the spring constant vs pressure and load vs stroke [2].

Info sheet 1:
Test data obtained by independent source [3].
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Photos:
Measurements taken to determine the compression distance of the bumper [created by author].

T
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Photo of the shock absorber with a patent number [created by author].

Measure distance
Click on the map to add to your path

Total distance: 104.98 m (344.43 ft)
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