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(57) ABSTRACT 

A method and apparatus for continuously or repeatedly 
monitoring road surface friction utilizes a separate test 
Wheel attached to a vehicle and in contact With a road 
surface and a device for detecting slippage of the test Wheel 
resulting from applying either a braking or accelerating 
torque on the test Wheel. A signal corresponding to the 
applied braking or accelerating torque at the moment slip is 
detected and used to provide an indication to the driver of 
the slip condition. The method and apparatus is useful in 
vehicles as Well as aircraft or in other applications Where it 
is desired to monitor road friction. An embodiment of the 
invention applies and maintains a measured vertical force to 
the surface of the test Wheel of the friction monitor utilizing 
an electromagnetic force ?eld under processor control. The 
processor can combine signals from the vertical force torque 
motor circuit, and the test Wheel torque motor circuit. 
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METHOD AND APPARATUS FOR CONTINUOUS 
MONITORING OF ROAD SURFACE FRICTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation in part of appli 
cation Ser. No. 08/843,960 ?led Apr. 17, 1997; Which is a 
continuation of Ser. No. 08/403,106, ?led Mar. 13, 1995, 
noW abandoned. 

FIELD OF THE INVENTION 

[0002] The invention relates to monitoring a road surface 
condition on Which a vehicle is travelling, and more par 
ticularly to a method and apparatus for continuously deter 
mining a slip condition of a vehicle Which is directly related 
to the coef?cient of friction of the road surface. 

[0003] The invention also relates to a method and appa 
ratus for applying a controlled vertical (i.e., normal) force to 
a test Wheel of a friction monitor and to a friction monitor 
using such a vertical force monitor in combination With an 
electromagnetic torque motor for producing slippage of a 
test Wheel. 

[0004] The invention further relates to a device for moni 
toring a surface (e.g., road, runWay, rail line etc.) condition 
on Which a monitor (e.g., vehicle, airplane, train etc.) is 
travelling, and more particularly to a method and apparatus 
for determining a slip condition of a vehicle Which is directly 
related to the coef?cient of friction of the road surface While 
utiliZing an electromagnetically controlled vertical force 
applied to the test Wheel. 

BACKGROUND OF THE INVENTION 

[0005] The availability of quantitative information repre 
sentative of the coe?cient of friction of the road surface is 
very bene?cial to drivers of moving vehicles, including 
planes. An exact knoWledge of hoW slippery the surface is, 
continuously provided, gives the driver signi?cant advan 
tages in determining safe speeds, distances from other 
automobiles, acceleration and braking patterns etc. so as to 
permit a safer operation of the vehicle, plane or apparatus 
being driven. 

[0006] Previous devices for monitoring the coef?cient of 
friction had signi?cant disadvantages such as, for example: 
a failure to provide continuous road friction data over long 
distances; the use of complex electro-mechanical-hydraulic 
mechanisms With unfavorable Wear characteristics; limited, 
speci?city, variability and responsiveness of test Wheel(s) 
braking force; the use of only indirectly measured values of 
the force (torque) required to produce slippage; employment 
of equipment Which Was unsuited for continuous use close 
to the ground and in inclement conditions; the use of a 
cumbersome test Wheel suspension and carriage; employ 
ment of equipment Which produced adverse affect on normal 
drive operation; and the use of relatively complex designs 
Which produces an expensive apparatus of only limited use. 

[0007] When measuring the coef?cient of friction, various 
means of applying vertical force have been employed, such 
as: springs, coils, rubber, compressed air bags, pistons 
containing air, gases, oil. The foregoing vertical force apply 
ing devices have signi?cant limitations. The vertical force 
tends to increase as tensioning means are compressed and 
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decrease When decompressed. The vertical force is difficult 
to measure, especially if continuous or frequent measure 
ments are desirable. Further, one is generally not able to 
standardiZe the force from one system to another. The 
vertical force tends to change With use/Wear due to deterio 
ration of compressed materials/mechanisms, and to vary 
With change in temperature and/or moisture. 

REVIEW OF PRIOR ART 

[0008] Several patents are directed to devices Which do 
not employ a separate test Wheel but rather employ one of 
the usual drive or driven Wheels of the vehicle. Among these 
patents are US. Pat. No. 4,882,693 to Yopp and US. Pat. 
No. 4,545,240 to Leiber. These devices necessarily 
adversely effect the driving characteristics of the vehicle. 

[0009] The Yopp patent measures forces acting on a steer 
ing column, such as the steering angle combined With other 
data. 

[0010] Other patents teach the use of a test Wheel or probe 
Which is loWered into contact With the road surface to 
perform the desired measurement. Among these patents are 
US. Pat. Nos. 4,098,111 and 4,212,063 to Hardmark; US. 
Pat. No. 4,958,512 to Johnson; US. Pat. No. 3,893,330 to 
Shute; US. Pat. No. 4,315,426 to Brandon; US. Pat. No. 
4,662,211 to Strong; and US. Pat. No. 4,909,073 to Taka 
hashi. These patents employ complex devices Which are not 
adapted for continuous operation and Wear and Which are 
bulky and complicated in their operation. 

OBJECTS OF THE INVENTION 

[0011] One object of an aspect of the invention is to 
continuously monitor road surface friction characteristics 
under a Wide variety of road conditions and vehicle veloci 
ties. 

[0012] Another object of the invention is to provide a 
slippage indication by simulating the actual physical cir 
cumstances of slippage of a braked or accelerated Wheel of 
a vehicle. 

[0013] A further object of the invention is to monitor road 
surface friction Without interfering With the movement of the 
vehicle Wheels or braking system such as Would affect the 
directional path or speed of the vehicle, and in particular, not 
to affect the freedom of the drive Wheels or other Wheels of 
the vehicle or interfere With the braking system, thereby 
potentially throWing the car off its directional path or caus 
ing acceleration or deceleration of the vehicle. 

[0014] Yet another object of an aspect of the invention is 
to provide a lightWeight, comparatively small monitoring 
device of suitable Weight and siZe for mounting on an 
automobile or plane that operates independently of any other 
system in a moving vehicle, that is comparatively inexpen 
sive to manufacture, and that does not require much main 
tenance. 

[0015] Another object of an aspect of the invention is to 
provide a simple, easily retractable, and easily detachable 
slip detection device Which does not constitute a signi?cant 
obstacle to the movement of the vehicle. 

[0016] Another object of an aspect of the invention is to 
continuously provide near instantaneous, Widely variable, 
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highly speci?c, easily directly measurable, braking or accel 
erative force; Which does not vary, fade, or fail, at any 
vehicular speed. 

[0017] Another object of an aspect of the invention is to 
measure friction conditions Without utilizing cumbersome 
direct mechanical friction devices With their attendant 
mechanical Wear. 

[0018] Yet another object is to provide a slip detection 
device suitable for after market mounting on existing 
vehicles. 

[0019] It is a further object of an aspect of the invention to 
provide a compact suspension mechanism for applying and 
maintaining a controlled, accurately measurable vertical 
force to the test Wheel of a friction monitor, Which vertical 
force is unaffected by variations in temperature, moisture, or 
atmospheric pressure; remains constant as the test Wheel 
moves up and doWn With reference to its point of support 
due to variations in the contour of the measured surfaces; 
and counters the tendency of the test Wheel to move upWards 
and lose contact With the measured surface. The vertical 
force may be varied in a controlled manner during use. 

SUMMARY OF THE INVENTION 

[0020] The emphasis With the present invention, in accor 
dance With an aspect thereof, is on the continuous determi 
nation of road surface friction characteristics for automobile 
drivers or pilots, so as to facilitate decision-making With 
regard to safe travelling speed, braking distance, cornering 
speed, acceleration speed and the like in various road 
conditions; Wet (hydroplaning), snoW, slush, ice, oily sur 
face, etc. Data on varying road coef?cient of friction char 
acteristics is continuously presented to the driver as a visual 
and/or auditory signal. 

[0021] An embodiment of the present invention provides 
a means for continuously evaluating the coef?cient of fric 
tion of the road by providing a relative quanti?cation of the 
coef?cient of friction. The device is comparatively compact 
and relays to the driver a visual and/or auditory signal 
indicating relative slipperiness of the road. For example, a 
suitably placed, non-distracting ?ashing light could be used; 
the ?ashing light can be designed to ?ash more frequently 
and more brightly as the slipperiness of the road increases. 
An audio signal can also be used to inform the driver about 
road conditions: again, the frequency and intensity of the 
audio signal can be increased in relation to the slipperiness 
of the road. 

[0022] An embodiment of the present invention mimics 
the strategy commonly used by drivers to evaluate road 
conditions: pressing on the brake to determine hoW hard 
they have to press (decelerative force) in order to produce a 
limited skid, alternatively, accelerating quickly, to observe 
hoW much accelerative force is required to make the drive 
Wheels skid. This device repeatedly and automatically car 
ries out this function. Drivers knoW that the harder they have 
to press on their brakes or accelerator in order to produce 
Wheel slippage, the less skiddy the road is. This concept is 
the basis of the present invention—the more braking resis 
tance or accelerative force required to produce skidding, the 
greater the coef?cient of friction. 

[0023] The device, through the use of variable resistance 
or accelerative force, creates slippage of a small test Wheel 
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and then detects the earliest sign of skidding of this Wheel 
and measures the amount of force required to produce 
slippage of the test Wheel. In accordance With another aspect 
of the invention, a processor can combine signals from the 
circuit regulating the vertical force torque device, With 
signals from any other circuits, in particular, the circuit to 
control a torque motor used to produce slippage When 
measuring a surface (e.g., road, runWay, rail line) condition. 

[0024] An embodiment of the invention utiliZes an elec 
tromagnetic force ?eld, as distinct from direct mechanical 
means (springs, air pistons, rubber . . . ) to provide the 
requisite vertical force acting on the surface of the test 
Wheel. 

[0025] Information regarding this force is then relayed to 
the driver. An elementary embodiment of the invention has 
an open loop control system and a ?Xed electromagnetic 
?eld resistance to the rotation of a test Wheel. A Warning 
signal is provided to the driver When the test Wheel skids 
indicating that the road surface has reached a potentially 
haZardous threshold. 

[0026] Another embodiment of the invention utiliZes an 
open-loop control system and a variable braking resistance. 
A series of predetermined resistance levels are applied, and 
the test Wheel slip condition is conveyed to the driver at each 
state, providing a more re?ned indication of road slipperi 
ness. 

[0027] Another embodiment of the invention utiliZes a 
closed feedback loop control system With variable braking 
resistance or accelerative force. The test Wheel is ?rst 
alloWed to rotate freely as the vehicle travels. A timer 
initiates the test process, and variable resistance (or accel 
erative force) is applied to the test Wheel using, for eXample, 
an electric motor, designed to produce torque in the same or 
opposite direction (or same direction in the case of accel 
eration) to the rotation of the test Wheel. The braking 
resistance or accelerative force is increased until the test 
Wheel slips. A sensor determines the rotational speed of the 
test Wheel and, from this test Wheel rotational speed in any 
given period of time, the amount of slip of the test Wheel is 
determined. The amount of braking resistance or accelera 
tive force required to generate Wheel slip is measured, and 
this information is conveyed to the driver by various display 
methods. The variable braking or accelerative force is then 
decreased and the process is repeated. 

[0028] Another embodiment of the invention employs a 
second or reference Wheel. This reference Wheel has no 
brake and serves solely as a reference tachometer to facili 
tate determination of the percentage slip of the braked or 
accelerated test Wheel. Optionally this reference Wheel can 
poWer a generator, Which, generator can provide E.M.F. to 
the electric motor and/or battery. 

[0029] A test Wheel is used, as opposed to actual vehicle 
Wheels, to ensure that the repeated road surface monitoring 
does not affect normal vehicle operation. The test Wheel is 
designed to be easily retractable and instantly detachable to 
minimiZe the effects of roadWay obstacles. The desire for 
simplicity and loW cost leads to a method that uses increas 
ing braking resistance or accelerative force to induce slip 
instead of a geared test Wheel driven at a predetermined slip, 
and that monitors road surface conditions to produce a 
relative quanti?cation of the actual coefficient of friction. 
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Similarly, variable resistance to rotation of the test Wheel is 
provided by an electric motor, instead of cumbersome 
mechanical brakes. 

[0030] Another embodiment of the invention is directed to 
a method of and apparatus for applying and maintaining a 
vertical force, Which may be variable if desired, to a test 
Wheel of a friction monitor utilizing an electric torque 
device, such as a motor, under control of an electronic 
processor such as a digital computer or the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 is a block diagram of the road surface 
friction monitor; 

[0032] FIG. 2 is a block diagram of an elementary 
embodiment of the invention; 

[0033] FIG. 3 illustrates the electric motor and rotation 
sensor according to the invention; 

[0034] 
tor; 

[0035] FIGS. 5A, 5B, and 5C illustrate the folding mecha 
nism of the friction monitor; 

[0036] 
[0037] FIG. 7 shoWs an alternate con?guration of the 
friction monitor; 

[0038] FIGS. 8A and 8B illustrate yet another embodi 
ment of the invention for connecting an electric motor to a 
test Wheel of the invention; 

[0039] FIG. 9 is a block diagram of electromagnetic 
vertical (normal) force torque motor in combination With the 
friction monitor; 

[0040] FIG. 10 illustrates the suspension mechanism for 
the test Wheel, comprising a pivot With an electric torque 
motor adjacent to the test Wheel; and 

[0041] FIG. 11 illustrates in greater detail the pivot With 
the electric motor adjacent to the test Wheel. 

FIG. 4 illustrates a side vieW of the friction moni 

FIG. 6 shoWs a plan vieW of the friction monitor; 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0042] The present invention is concerned With the deter 
mination of a relative variation in the coefficient of friction 
Within a range affecting safe operation of a moving vehicle 
by use of an arbitrary standard. This arbitrary standard refers 
to the pre-determined constant doWnWard pressure (vertical 
force) on the test Wheel, eXerted through the suspension 
connecting member betWeen the monitoring device itself 
and the vehicle to Which it is attached, the standard Width 
and contour of the test Wheel, and the standardiZed coef? 
cient of friction of the test Wheel surface. Such a relative 
quanti?cation provides for meaningful quantitative differ 
entiation of the coef?cient of friction on the road surface. 
Vertical force sensor (154) Where indicated, continuously 
monitors the vertical force, and signals from this monitor are 
continuously provided to the central processor. 

[0043] FIG. 1 shoWs an overall block diagram of the 
friction monitoring system. The system comprises a test 
Wheel 101, electric motor 103, test Wheel rotation speed 
sensor 105, poWer supply electronics 107, controller 109, 
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and output 113. The monitoring device may include vertical 
force sensor 154 for measuring the vertical force on the test 
Wheel and feeding a signal indicative thereof to the control 
ler. The controller 109 includes a central processor 121 (i.e., 
a microprocessor) and a timer 123. The test Wheel 101 is in 
contact With the ground and accordingly rotates in the same 
direction as the Wheels of the vehicle. The timer 123 (Which 
may be a softWare timer con?gured Within the central 
processor 121) periodically/repeatedly initiates the test 
sequence. The time interval betWeen test sequences is vari 
able, and is typically milliseconds to tenths of seconds. 

[0044] Energy is supplied from the poWer supply electron 
ics 107, under the periodic direction of the timer 123 and 
controller 109, to the electric motor 103. The electric motor 
103 is designed to produce torque in the opposite direction 
from Which the test Wheel 101 rotates, creating a braking 
resistance on the test Wheel 101, or the same direction 
producing an accelerative thrust. The central processor 121 
increases the EMF to the electric motor 103 via the poWer 
supply electronics 107, creating a corresponding increase in 
the braking resistance or accelerative force until the central 
processor 121 detects slippage of the test Wheel 101, mea 
sures, then reduces the EMF provided to the electric motor 
103 via poWer supply electronics 107, decreasing the brak 
ing resistance or accelerative force, and the test Wheel 101 
is free to rotate in conjunction With the surface of the road 
until the neXt test cycle initiated by the timer 123. The 
rotational speed of the test Wheel 101 is measured by the test 
Wheel rotational speed sensor 105 and a test Wheel speed 
signal is conveyed to the central processor 121. Signals from 
vertical force sensor (154) are also conveyed to the central 
processor. 

[0045] Optionally, a second free-Wheeling Wheel 111 
Which has the same diameter as the test Wheel and Which is 
not impeded by an applied resistance is used as a reference/ 
comparison tachometer. This reference Wheel tachometer is 
free to rotate as the vehicle moves, the only resistance being 
created by its oWn bearings. A reference Wheel rotational 
speed sensor 112 measures the speed of the reference Wheel 
111, and supplies a reference speed signal to the central 
processor 121. Alternatively, a signal from the vehicle 
speedometer may be used to provide the reference signal. 

[0046] Where a reference Wheel is deployed, the rotational 
speed differential betWeen the test Wheel 101 and the refer 
ence Wheel 111 provides a more precise indication of the 
eXtent of slippage of the test Wheel 101, Which can be 
expressed as a percentage, greater or lesser, than the refer 
ence Wheel and provides the basis for the central processor 
121 to detect Whether the test Wheel 101 has slipped. 

[0047] The central processor 121 is programmed to deter 
mine that a slip condition (a ?rst instance of a slip condition 
i.e. slippage up to one hundred percent, greater or lesser, 
than a reference Wheel) is occurring, its percentage slip, 
greater or lesser than the reference Wheel, and continuously 
measures the EMF required to produce any given percentage 
slip. Slip curves graphically demonstrate coordinates of 
braking torque (vertical axis) and percentage slip (horiZontal 
aXis); maXimum torque in relation to percentage slip, usually 
in the 10 to 20% range. 

[0048] The torque, braking or accelerative, required to 
cause slippage of the test Wheel Will vary according to the 
degree of slip of the test Wheel. Degree of slip can be 
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expressed as a percentage increase or decrease, in test Wheel 
rotational speed, compared to a reference tachometer Wheel. 
Abraked, totally locked, non-rotating Wheel corresponds to 
one hundred percent slip. For purposes of computing rep 
resentative data on the coef?cient of friction, it is valuable to 
determine the relationship betWeen the percentage slip and 
the torque required to produce it. If the test Wheel 101 is 
rotating through snoW, the snoW tends to sloW doWn the test 
Wheel 101, and this “roll resistance” is re?ected in the 
amount of energy required to accelerate or brake the test 
Wheel 101. According to the invention, varying degrees of 
slip, from braking or accelerating force, can be created and 
correlated With the electric poWer (voltage supplied to the 
motor 103) required to create such varying degrees of slip, 
taking into account roll resistance and other physical factors 
that affect braking. Braking torque is proportional to voltage 
supplied to the motor 103. Tabulations of the braking torque 
in knoWn varying slip conditions, as a function of any degree 
of slip, at any given test Wheel speed, may be stored in a 
memory of the central processor 121, Which data can be 
combined With EMF torque detection signal, and/or other 
signals, for further re?nement of friction characteristics. 
Accordingly, the central processor 121 is programmed to 
measure the voltage going to the electric motor 103 at any 
given percentage slip (coordinate on the slip curve) up to a 
maximum designated percentage slip, then after measuring 
this voltage to decrease the voltage to the electric motor 103, 
decreasing braking or accelerative forces acting on test 
Wheel 101 and initiating another test cycle. Processor 121 
can also be programmed to maintain percentage slip of the 
test Wheel 101, so as to maximiZe the data available on the 
coef?cient of friction of the road. In general, the central 
processor 121 may be programmed to use any electrical 
property of the torque motor to calculate the slip condition 
such as voltage, phase, current, poWer or the like. 

[0049] The measure of EMF at Which slip of the test Wheel 
101 occurred is transferred from the central processor 121 
via an EMF torque detection signal to output block 113. The 
measured EMF is related to the slipperiness of the road, and 
the output block 113 conveys this road surface condition 
information to the driver in any number of methods, for 
instance as a ?ashing Warning light 115 or audio Warning 
signal 118 previously described herein, or as a bar graph 116 
or numeric display 117. The skilled artisan Will recogniZe 
that such information could be delivered to the driver 
instantly and/or as an averaged value, for example a tWenty 
foot average of road conditions. When the friction monitor 
is used in conjunction With aircraft, the output block 113 
could be coupled to a radio communication device 114 that 
directly transmits runWay surface condition information to 
the control toWer. In such a case, aircraft taxing doWn the 
runWay or taking off or landing on the runWay can transmit 
a detailed road surface condition (i.e., coef?cient of friction 
condition) map of the runWay condition along its route. This 
information can be very valuable to air traf?c controllers in 
controlling other aircraft in queue to land or take off. 

[0050] The output indication could also be a driver prompt 
(visual and/or audible) 119 that indicates to the driver that 
the coef?cient of friction of the road is high enough to be 
above the threshold of concern and this Would prompt the 
driver to turn off the system and elevate the test Wheel 101. 

[0051] Alternatively, or additionally according to the 
invention, the information on slipperiness can be provided to 
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a vehicle control system 140. The vehicle control system 
140 may be a controller having a microprocessor for com 
bining the road surface information With data from other 
vehicle systems 142 to facilitate safe vehicle operation. For 
instance, the vehicle systems 142 may be a speedometer or 
a steering angle sensor, and the vehicle control system 140 
could operate in co-operation With an anti-lock brake system 
131 or generate Warning signals such as an unsafe stopping 
distance signal 132, an unsafe cornering speed signal 133, 
etc. The skilled artisan Will recogniZe that the vehicle 
systems 142 and safety features 131, 132, 133 are by Way of 
example and not by Way of limitation. 

[0052] FIG. 1 shoWs that the electric motor 103 can also 
function as a generator, and that a capacitor 135 can be 
attached to the motor/generator 103 to provide bursts of 
energy used to brake or accelerate the test Wheel 101. The 
electric motor/generator 103 may also provide energy to the 
battery 137 so as to facilitate its operation. 

[0053] FIG. 2 shoWs an embodiment of the invention in its 
most elementary form, consisting of test Wheel 101, test 
Wheel rotation speed sensor 105, a ?xed (i.e., constant) 
electromagnetic or other resistance device 102 and control 
ler 109a connected to output 113. In this “open loop” 
embodiment, there is a no feedback from the controller 109a 
to alter the strength of the resistance device 102. An on/off 
function is provided, in that if the coef?cient of friction on 
the ground is sufficient to keep test Wheel 101 rotating While 
?xed resistance device 102 acts to resist this rotation, then 
one signal is provided to the driver of the vehicle; con 
versely, if the conditions change and the coef?cient of 
friction beneath test Wheel 101 is not sufficient to maintain 
its grip on the Wheel When resistance device 102 is active, 
and therefore the test Wheel 101 slips, then a different signal 
is provided to the driver. There are no means for variable 
resistance in this embodiment. The driver is provided With a 
statement that a certain road surface friction threshold has 
been exceeded, but no quanti?cation beyond this level is 
provided. Fixed resistance could be provided by an electric 
motor or permanent magnets in place of the coils in the 
electric motor. As described previously herein, a timer 123 
Within controller 109a periodically initiates test cycles to 
provide continuous monitoring of road surface conditions. 

[0054] According to the invention, the ?xed resistance of 
102 can be combined With an alternator 202 to produce 
energy for the electrical system of this device, including a 
signalling system represented by output 113. Asmall battery 
204 can also be incorporated to provide poWer When the 
generating function is limited, such as When there is very 
sloW movement of the vehicle. This self-poWering, more 
elementary system of FIG. 2 is less expensive to produce 
and easier to install than the embodiment of FIG. 1. More 
over, the embodiment of FIG. 2 is more easily retro?tted to 
existing vehicles, aircrafts and the like. 

[0055] This alternative embodiment of FIG. 2 is also 
simple and inexpensive in that it does not utiliZe the refer 
ence Wheel tachometer 111 of FIG. 1. One method to detect 
slip uses signals from the vehicle speedometer 144 to the 
controller 109a as a reference signal. Alternatively, slip is 
detected by the controller 109a Without such a comparison 
signal. The slip of the test Wheel is detected by an analysis 
of the number of signals in any given period of time from the 
test Wheel rotational speed sensor 105. FIG. 3 shoWs an 
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embodiment of the test Wheel rotation speed sensor 105. 
Pulses 307 are generated When markers 303 on rotating shaft 
301 pass in front of a scanner 305. For example, the test 
Wheel rotation speed sensor 105 could be a magnetic or 
optical detecting device. 

[0056] FIG. 3 also shoWs the motor 103 consisting of coils 
310 and magnets 320. The magnets are shoWn ?xed to the 
rotating shaft 301 and the coils 310 are ?xed to the motor 
housing. A variable resistor is achieved by varying the 
voltage to the coils 310. 

[0057] Optionally, as indicated above, the coils 310 may 
be replaced by permanent magnets to provide a ?xed resis 
tance. Incidentally, When a variable resistance is desired, as 
in the embodiment of FIG. 1, the variable resistance is 
achieved by varying the voltage to the coils 310 as con 
trolled by central processor 121. 

[0058] In the embodiment of FIG. 2, the number of pulses 
307 over a given interval of time (the frequency) represent 
the rotational speed of the test Wheel 101. When the test 
Wheel is accelerated or braked, an increase or decrease in 
pulses 307 in a given period of time disproportionate to 
vehicle speed indicates that the test Wheel 101 is slipping. 
For example, Where the test Wheel is braked, if a frequency 
of pulses corresponding to a test Wheel velocity of 25 mph 
suddenly changes to a frequency of pulses corresponding to 
5 mph, and this change occurs in a time period shorter than 
that needed for the vehicle to decelerate by this amount, then 
the test Wheel 101 has slipped. A proportional, rather than 
absolute, decrease or increase (When accelerated) in test 
Wheel velocity is used to detect slippage. For example, 
assuming constant or near-constant (i.e., sloWly changing) 
velocities, a one-third decrease or increase in the number of 
signals from the test Wheel rotational speed sensor 105 in 
any given fraction of a second could be evidence of slip as 
distinct from deceleration or acceleration associated With the 
more gradual sloWing or speeding up of the vehicle itself. 

[0059] In another open-loop embodiment of the invention, 
variable braking resistance from the electric motor 103 is 
applied to the test Wheel 101, although there is no feedback 
control to the electric motor 103 from the controller 109a. 
The applied variable braking resistance does not depend on 
the slip condition of the test Wheel 101. According to the 
invention, a plurality of predetermined and increasing brak 
ing resistances are consecutively applied to the test Wheel 
101, and the slip condition is measured at each of the braking 
resistance levels. For example, if ?ve braking levels are 
used, the test begins With the electric motor 103 applying the 
?rst braking level and the controller 109a detecting Whether 
the test Wheel 101 slips; then the second braking level is 
applied and the presence of slip detected; then the third, 
fourth, and ?fth braking levels are applied in order, and the 
presence of slip is detected for each braking level. Since the 
system is open-looped, the ?ve (for example) braking levels 
are applied regardless of the outcome of the slip from a 
previous braking level. HoWever, the driver is alerted to the 
existence of slip as soon as it is detected through output 113 
and indicators as shoWn in FIG. 1. Further, a quanti?cation 
of the road surface friction may be displayed, if desired, by 
correlating the braking level at Which slip ?rst occurred With 
the braking level for Wheel lock Which represents 100% slip 
condition. This test method provides a ?ner quanti?cation of 
road surface conditions than the ?xed resistance method 
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previously described herein, While avoiding the complexity 
of a closed-loop feedback system. At each ?xed level of 
resistance, the slip condition can be determined from a 
sudden change in the number of pulses 307 inconsistent With 
a vehicle deceleration condition. Similarly predetermined 
accelerative torque is applied to the test Wheel. 

[0060] FIG. 4 shoWs a side vieW of the friction monitor. 
Connecting member 402 is shoWn attached to rear axle 401 
of an automobile. Member 402 can be attached to any part 
of the vehicle, including the body. Preferably, member 402 
is attached to the underside of the vehicle for ease of 
operation. The test Wheel 101 rotates in the same direction 
as the vehicle Wheels When the vehicle is moving forWard. 
The test Wheel 101 can, if desired, be placed close to the 
track created by the Wheels of the vehicle. It is in contact 
With the ground While in operation and can be lifted up by 
rotation about pivot 405 either manually or mechanically 
When not needed. A hook or latch is ?xed to the vehicle 
frame and used to secure the Wheel in a retracted (non 
operational) position. FIG. 1 shoWs that an environment 
sensor 151 and automatic retracting means 153 (such as a 
motor) can be connected to the controller 109 to automati 
cally elevate the test Wheel 101. The environment sensor 151 
could be a moisture sensor, a temperature sensor, a device 
for measuring the re?ectance of the road (used to detect ice), 
etc., and, When the sensor 151 indicates there is no need for 
road surface friction monitoring, the controller 109 auto 
matically retracts the test Wheel 101. 

[0061] Another feature according to the invention is a 
detaching capability. The detaching means 407 alloWs mem 
ber 403 to be instantly detachable from member 402 if the 
test Wheel 101 becomes caught on an object during vehicle 
movement. This detaching capability may be provided by, 
for instance, spring mounted restraints 409, similar to those 
found in an umbrella telescoping support arm. The poWer 
lines for electric motor 103 and signal lines from the 
controller 109 are coupled through a quick disconnect 
device Which pulls apart When a “jerking” force above a 
certain threshold is applied. 

[0062] Another feature to the invention is a folding 
mechanism that operates When ?xed objects encounter the 
test Wheel 101 from the rear. As shoWn in FIG. 5A, an 
obstacle 501 may encounter the test Wheel 101 from the rear 
and jam the test Wheel assembly. This may occur, for 
instance, When the vehicle moves in “reverse” and encoun 
ters a ?xed object. As shoWn in FIGS. 5A and 5B, the joints 
at pivot 405 and knee bend 413 alloW the assembly to fold 
upWards and the vehicle to pass safely over the obstacle 501. 

[0063] A mechanism is also provided as part of the sus 
pension system to alloW for movement of the test Wheel 101, 
motor 103 and associated controls in any direction so as to 
minimiZe the possibility of damage to the measuring unit. As 
an example of such a suspension mechanism 601, FIG. 6 
shoWs a plan vieW of one possible con?guration of the 
friction monitoring device according to an embodiment of 
the invention. Mounting bracket 411 may be placed any 
Where along the rear axle 401, such that the test Wheel 101 
may be located near the center of the vehicle or very near to 
one of the vehicle tires. Note that the reference Wheel 111 is 
much thinner than the test Wheel 101, so that the majority of 
the vertical force on the test Wheel assembly rests on the test 
Wheel 101. Furthermore, the outer perimeter of the reference 
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Wheel 111 is made of soft material such that a greater 
percentage of the vertical force on the assembly is brought 
to bear on the test Wheel 101. Test Wheel 101 can be made 
in such a Way as to minimize its mass in order to reduce its 
momentum and its effect on vehicle stability. 

[0064] A constant vertical force of the test Wheel 101 
against the ground is desirable to standardiZe measurements 
of the road surface condition, so that the same measured 
value means the same thing to the driver of a truck as it does 
to the driver of a small car. This near constant vertical force 
is provided by the suspension means 415 and members 402 
and 403 of FIG. 4. The suspension means 415 can be, for 
instance, a deformable elastic material such as silicone, 
rubber, coil, spring, compressed air, etc., and is constructed 
so that the vertical force of the test Wheel 101 on the ground 
varies little With upWard or doWnWard movement of the 
vehicle in relation to the ground. Thus, a near uniform 
vertical force is maintained When the vehicle passes over 
bumps or potholes in the road. The suspension means 415 is 
calibrated at the time of installation of the test Wheel 101, 
and further standardiZation is achieved by making the test 
Wheel Width, surface contour, and surface coefficient of 
friction the same for all units. Furthermore, the Wear char 
acteristics of the test Wheel 101 can be designed so that the 
surface of the Wheel has a constant coef?cient of friction. An 
adjusting means 417 to alter the spring-like resistance inter 
mittently or continuously can also be incorporated. For 
eXample, if compressed air is used in the suspension means, 
the adjusting means 417 may increase (via a compressed air 
reservoir) or decrease the pressure therein. 

[0065] Spring-like suspension betWeen the surface of the 
test Wheel and the point at Which the friction monitor is 
mounted on the vehicle can also be achieved by making the 
connecting members 402, 403 betWeen the electric motor 
and the vehicle of ?exible spring-like material. 

[0066] According to an aspect of the invention, the verti 
cal force sensor 154 (FIG. 1), in the form of a strain gauge 
419, can be juxtaposed With the aXle of test Wheel 101 to 
continuously measure the vertical force on the test Wheel 
101 as shoWn in FIG. 4. Since the coef?cient of friction is 
a function of the vertical force on the test Wheel 101 and the 
amount of torque required to brake or accelerate it, math 
ematical manipulation of the friction value quanti?cation is 
continuously carried out to take into account the variations 
in the vertical force on the test Wheel 101. By accounting for 
such variations in the vertical force, the accuracy of the 
monitor is increased. 

[0067] FIG. 7 shoWs an alternative physical con?guration 
for the friction monitor. The electric motor 103 is placed in 
the hub of the test Wheel 101 to facilitate operation under 
inclement conditions, such as by preventing moisture from 
contacting the motor, etc. Note also that, according to the 
invention, the reference Wheel 111 can be placed at any 
location along the aXle 301. 

[0068] FIGS. 8A and 8B shoW an alternative physical 
con?guration for the friction monitor. The electric motor 103 
is placed closer to the point of attachment of the monitor to 
the vehicle and Works in co-operation With the test Wheel by 
means such as an enclosed belt drive 510. 

[0069] The Width of the surface of the test Wheel can be as 
narroW as a blade. A narroWer surface requires less torque to 
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cause slippage and less vertical force to maintain represen 
tative contact With the surface. The test Wheel diameter can 
be a mere fraction of What is shoWn. 

[0070] In an alternative physical con?guration for the 
friction monitor, the electric motor is placed closer to the 
point of attachment of the monitor to the vehicle and Works 
in co-operation With the test Wheel by means such as an 
enclosed belt drive. 

[0071] FIG. 9 shoWs an overall block diagram of the 
electromagnetic suspension and the friction monitor in 
Which a vertical force electric torque motor 901 is controlled 
by central processor 121. This embodiment is an improve 
ment over the vertical force structures described in relation 
to FIG. 4. In effect, in FIG. 9, the electric motor 901 
replaces element 415 of FIG. 4 to provide a more control 
lable vertical force applying mechanism. Electric motor 901 
can be used effectively even Without a vertical force sensor 
154 since, like the slip torque motor 103, the voltage or other 
electrical characteristic of motor 901 can be used by the 
central processor 121 as a measure of the vertical force and 
thus used in the determination of the calculation for the road 
surface condition. Of course, vertical force sensor 154 may 
also be used in the embodiment of FIG. 9 for either 
calibration proposes or as an added input for improved 
accuracy of the system. The motor 901 is connected for 
applying the requisite vertical force as shoWn in greater 
detail in FIGS. 10 and 11. 

[0072] While the term “vertical” force is generally used 
herein, it is understood that the coef?cient of friction is 
calculated using the force, or component of force, normal to 
the surface, so that a more accurate term is a normal force. 
In most applications, the normal force Will be in the vertical 
direction Where the surface, such as a roadWay/runWay, is 
horiZontal. 

[0073] In FIG. 9, the central processor quanti?es the 
coef?cient of friction utiliZing signals representative of the 
vertical force applied to the surface of the test Wheel, and the 
torquing force required to produce a given degree of slip of 
the test Wheel. The central processor can vary the vertical 
force applied to the test Wheel and/or torquing force to the 
test Wheel (to produce slippage), in any given interval, in any 
sequence, and at any rotational speed of the test Wheel, to 
maXimiZe data on road friction characteristics. 

[0074] FIG. 10 illustrates the test Wheel 101, With support 
member 1003 attached to the aXle of the test Wheel 101 and 
pivotally attached to a support member 1004. The casing of 
torque motor of 901 is attached to a ?Xed point of support 
by member 1004 and the armature of the torque motor is 
attached to support member 1003. Pivot 1001 can advanta 
geously be placed at the same height above the measured 
surface as the aXle of test Wheel 101. Support member 1004 
may be pivotally attached to its point of attachment With 
electromagnetic solenoid attachment and detachment 
means, to facilitate release. Test Wheel 101 can be elevated 
by reversing polarity to torque motor 101. 

[0075] FIG. 11 shoWs the torque motor 901 With its casing 
attached to support member 1004 and armature 1106 
attached to or integral With support member 1003. 

[0076] While the invention has been described in terms of 
the embodiments illustrated, it Will be appreciate by one of 
skill in the art that various modi?cations and improvements 
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may be made Within the spirit of the invention as de?ned by 
the appended claims. For example, While an electric torque 
motor is advantageously deployed to produce the vertical 
force, it Will be appreciated by one of skill in the art, taking 
into account knoWn methods of creating electromagnetic 
force ?elds, that a solenoid may alternatively be used instead 
of the torque motor, especially Where applications require 
only small displacements of the test Wheel. 

What is claimed is: 
1. An apparatus for use With a vehicle for repeatedly 

measuring road surface conditions, comprising: 

a test Wheel, separate from the vehicle Wheels, attached to 
said vehicle and positioned for contact With a road 
surface, so as to rotate due to contact With said road 
surface upon movement of said vehicle; 

means for applying a variable electro-magnetic ?eld 
torque opposing rotation of said test Wheel, so as to 
produce slippage of said test Wheel; 

means for measuring an amount of voltage utiliZed in said 
electromagnetic ?eld applying means and for providing 
a voltage measurement signal corresponding thereto; 

means for measuring a rotation speed of said test Wheel 
and generating a test Wheel rotation speed signal; 

a controller connected to receive said test Wheel rotation 
speed signal and said voltage measurement signal, said 
controller generating an output signal in response to a 
slip condition of said test Wheel based on said test 
Wheel rotation speed signal and said voltage measure 
ment signal, and 

means for providing an indication of said output signal. 
2. The apparatus as claimed in claim 1, further compris 

ing: 
means for generating a reference signal indicative of the 

speed of said vehicle, Wherein said controller is con 
nected to receive said reference signal and generates 
said output signal in response to said test Wheel rotation 
speed signal and said reference signal. 

3. The apparatus as claimed in claim 1, Wherein said 
variable torque applying means is connected to receive said 
output signal and varies the magnitude of said variable 
torque in response thereto. 

4. An apparatus, for use With a vehicle having Wheels, for 
repeatedly measuring road surface conditions, comprising: 

a test Wheel, separate from the vehicle Wheels, attached to 
the vehicle and positioned for contact With a road 
surface so as to rotate upon movement of the vehicle; 

means for applying a variable, electro-magnetic ?eld, 
accelerative torque to produce slippage of said test 
Wheel; 

means for measuring an amount of voltage utiliZed in 
applying said accelerative torque and for providing a 
voltage measurement signal. corresponding thereto; 

means for measuring a rotation speed of said test Wheel 
and generating a test Wheel rotation speed signal; 

a controller connected to receive said test Wheel rotation 
speed signal and said voltage measurement signal, said 
controller generating an output signal in response to a 
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slip condition of said test Wheel based on said test 
Wheel rotation speed signal and said voltage measure 
ment signal; and 

means for providing an indication of said output signal. 
5. The apparatus as claimed in claim 4, further compris 

ing: 

means for continuously producing a vertical force test 
signal representative of the vertical force acting on said 
test Wheel, and Wherein said controller is further 
responsive to said vertical force test signal to produce 
said output signal. 

6. An apparatus, for use With a vehicle having Wheels, for 
repeatedly measuring road surface conditions, comprising: 

a test Wheel, separate from the vehicle Wheels, attached to 
the vehicle and positioned for contact With a road 
surface so as to rotate upon movement of the vehicle; 

means for applying a variable torque to produce slippage 
of said test Wheel; 

means for measuring a rotation speed of said test Wheel 
and generating a test Wheel rotation speed signal; 

a controller connected to receive said test Wheel rotation 
speed signal, said controller generating an output signal 
in response to a slip condition of said test Wheel; and 

means for providing an indication of said output signal. 
7. A method for continuously monitoring road surface 

friction, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate freely due to 
movement of said vehicle along said road surface; 

(b) applying an increasing resistance to said test Wheel to 
resist rotation thereof; 

(c) detecting a ?rst instance of slip condition of said test 
Wheel on said road surface; 

(d) generating a signal representative of the braking 
torque required to produce said incipient slip condition; 
and 

(e) providing an indication of said slip detection signal. 
8. A method for continuously monitoring road surface 

friction, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate freely due to 
movement of said vehicle along said road surface; 

(b) applying an accelerative force to said test Wheel to 
produce slippage thereof; 

(c) detecting a ?rst instance of said slip condition of said 
test Wheel on said road surface; 

(d) generating a slip detection signal at the time of said 
?rst instance of a slip condition, said slip detection 
signal representative of a value of said torque at the ?rst 
instance of a slip condition; and 

(e) providing an indication of said slip detection signal. 
9. A method for continuously monitoring road surface 

friction, comprising the folloWing steps: 
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(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate freely due to 
movement of said vehicle along said road surface; 

(b) applying a variable torque to said test Wheel to 
produce slippage therefor; 

(c) detecting a ?rst instance of slip condition of said test 
Wheel on said road surface; 

(d) generating a slip detection signal at the time of said 
?rst instance of a slip condition; and 

(e) providing an indication of said slip detection signal. 
10. A method for repeatedly testing road surface condi 

tions, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate due to 

movement of said vehicle along said road surface; 

(b) applying a ?xed resistance to said test Wheel to resist 
rotation thereof; 

(c) generating a slip detection signal indicative of a slip 
condition of said test Wheel on said road surface; and 

(d) providing an indication of said signal. 
11. A method for repeatedly testing road surface condi 

tion, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate due to 
movement of said vehicle along said road surface; 

(b) applying a plurality of increasing, pre-determined 
resistances to said test Wheel to resist rotation thereof; 

(c) generating a slip detection signal indicative of a slip 
condition of said test Wheel on said road surface for 
each of said plurality of pre-determined resistances; 
and 

(d) providing an indication of said signal for each of the 
said plurality of predetermined resistances. 

12. A method for continuously monitoring road surface 
friction, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate freely due to 
movement of said vehicle along said road surface; 

(b) applying an increasing resistance to said test Wheel to 
resist rotation thereof; 

(c) applying an electromagnetically controllable normal 
force to bias said test Wheel against said road surface; 

(d) detecting a ?rst instance of slip condition of said test 
Wheel on said road surface; 

(e) generating a signal representative of the braking 
torque required to produce said incipient slip condition; 
and 

(f) providing an indication of said slip detection signal. 
13. A method for continuously monitoring road surface 

friction, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate freely due to 
movement of said vehicle along said road surface; 
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(b) applying an accelerative force to said test Wheel to 
produce slippage thereof; 

(c) applying an electromagnetically controllable normal 
force to bias said test Wheel against said road surface; 

(d) detecting a ?rst instance of said slip condition of said 
test Wheel on said road surface; 

(e) generating a slip detection signal at the time of said 
?rst instance of a slip condition, said slip detection 
signal representative of a value of said torque at the ?rst 
instance of a slip condition; and 

(f) providing an indication of said slip detection signal. 
14. A method for continuously monitoring road surface 

friction, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate freely due to 
movement of said vehicle along said road surface; 

(b) applying a variable torque to said test Wheel to 
produce slippage therefor; 

(c) applying an electromagnetically controllable normal 
force to bias said test Wheel against said road surface; 

(d) detecting a ?rst instance of slip condition of said test 
Wheel on said road surface; 

(e) generating a slip detection signal at the time of said 
?rst instance of a slip condition; and 

(f) providing an indication of said slip detection signal. 
15. A method for repeatedly testing road surface condi 

tions, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate due to 

movement of said vehicle along said road surface; 

(b) applying a ?Xed resistance to said test Wheel to resist 
rotation thereof; 

(c) applying an electromagnetically controllable normal 
force to bias said test Wheel against said road surface; 

(d) generating a slip detection signal indicative of a slip 
condition of said test Wheel on said road surface; and 

(e) providing an indication of said signal. 
16. A method for repeatedly testing road surface condi 

tion, comprising the folloWing steps: 

(a) positioning a test Wheel, attached to a vehicle, for 
contact With a road surface so as to rotate due to 

movement of said vehicle along said road surface; 

(b) applying a plurality of increasing, pre-determined 
resistances to said test Wheel to resist rotation thereof; 

(c) applying an electromagnetically controllable normal 
force to bias said test Wheel against said road surface; 

(d) generating a slip detection signal indicative of a slip 
condition of said test Wheel on said road surface for 
each of said plurality of pre-determined resistances; 
and 

(e) providing an indication of said signal for each of the 
said plurality of predetermined resistances. 

17. An apparatus for repeatedly measuring road surface 
conditions, comprising: 
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a test Wheel, attached to a vehicle and positioned for 
contact With a road surface, so as to rotate due to 
contact With said road surface upon movement of said 
vehicle; 

means for applying a variable resistance opposing rotation 
of said test Wheel; 

electromagnetic means for applying a controlled force to 
said test Wheel, said force normal to said surface; 

means for measuring a rotation speed of said test Wheel 
and generating a test Wheel rotation speed signal; 

a controller connected to receive said test Wheel rotation 
speed signal, said controller generating an output signal 
in response to a slip condition of said test Wheel; and 

means for providing an indication of said output signal. 
18. An apparatus for repeatedly measuring road surface 

conditions, comprising: 
a test Wheel, attached to a vehicle and positioned for 

contact With a road surface, so as to rotate due to 
contact With said road surface upon movement of said 
vehicle; 

means for applying a variable accelerative torque to said 
test Wheel; 

electromagnetic means for applying a controlled force to 
said test Wheel, said force normal to said surface; 

means for measuring a rotation speed of said test Wheel 
and generating a test Wheel rotation speed signal; 

a controller connected to receive said test Wheel rotation 
speed signal, said controller generating an output signal 
in response to a slip condition of said test Wheel; and 

means for providing an indication of said output signal. 
19. Apparatus as recited in claim 18, further comprising 

means for continuously producing a normal force test signal 
representative of the normal force acting on said test Wheel, 
and Wherein said controller is further responsive to said 
normal force test signal to produce said output signal. 

20. An apparatus for repeatedly measuring road surface 
conditions, comprising: 

a test Wheel, attached to a vehicle and positioned for 
contact With a road surface, so as to rotate due to 
contact With said road surface upon movement of said 

vehicle; 
means for applying a variable torque to produce slippage 

of said Wheel; 

electromagnetic means for applying a controlled force to 
said test Wheel, said force normal to said surface; 

means for measuring a rotation speed of said test Wheel 
and generating a test Wheel rotation speed signal; 

Sep. 16, 2004 

a controller connected to receive said test Wheel rotation 
speed signal, said controller generating an output signal 
in response to a slip condition of said test Wheel; and 

means for providing an indication of said output signal. 
21. The apparatus as claimed in claim 17, further com 

prising: 
means for generating a reference signal indicative of the 

speed of said vehicle, Wherein said controller is con 
nected to receive said reference signal and generates 
said output signal in response to said test Wheel rotation 
speed signal and said reference signal. 

22. The apparatus as claimed in claim 17, Wherein said 
variable resistance applying means is connected to receive 
said output signal and varies the magnitude of said variable 
force in response thereto. 

23. A device for applying a vertical force to a surface 
friction measuring test Wheel comprising: 

(a) a test Wheel moveable attached to a ?xed point of 
support, a slip condition of said test Wheel providing an 
indication of surface friction of a surface; and 

(b) electromagnetic force ?eld applying means to bias 
said test Wheel into contact With measured surface. 

24. A method for applying a vertical force to a surface 
friction measuring test Wheel to measure a friction condition 
of said surface comprising the steps of: 

(a) providing a test Wheel pivotally attached to ?xed point 
of support; and 

(b) electromagnetically controllably biasing said test 
Wheel into engagement With said surface to produce a 
controllable contact force betWeen said test Wheel and 
said surface. 

25. A method for continuously monitoring a surface 
friction, comprising the folloWing steps: 

(a) positioning a test Wheel for contact With said surface 
so as to rotate freely due to relative movement of said 
Wheel along said surface; 

(b) applying an increasing resistance to said test Wheel to 
resist rotation thereof; 

(c) applying an electromagnetically controllable normal 
force to bias said test Wheel against said surface; 

(d) detecting a ?rst instance of slip condition of said test 
Wheel on said surface; 

(e) generating a signal representative of the braking 
torque required to produce said incipient slip condition; 
and 

(f) providing an indication of said slip detection signal. 


