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Mechanical Damping in Tape Transports*

Joan G. McKmoaT

Ampex Audio Operations, Sunnyvale, Cali/ornia

Most of the dynamic elements of a .tape transport store energy rather than dissipate it; there-
fore disturbances due to mechanical imperfections will result in the undesirable condition of
oscillations o.f speed which die out slowly. The various physical mechanisms usable for dissipating

(damping) this energy are shown along with a quantitative analysis (using electrical analogs) of
their effects.

INTRODUCTION turbances by means of increased mechanical accuracy;
there are, of course, certain practical limitations to this ap-

HE length of tape and the rotating elements of a tape proach. One can also attempt .to place the resonant fre-
transport comprise a mechanical network whose object quencies so that they do not coincide with the rotational

is to transport the tape from a supply reel, past recording speeds which generate the periodic disturbances. This pro-
and reproducing transducers (heads), and onto a take-up cedure is valuable ,but of limited usefulness since the range
reel. It is necessary for most applications that the tape of possible disturbing frequencies is usually broad, especially
speed at the heads be as constant as possible. However, for a multi-speed transport. This is illustrated in Fig. 1,
mechanical imperfections of all rotating elements and using the Ampex Model MR-70 as an example; the rota-
changes in the power line voltage generate forces and velo- tional speeds and the "cogging" and torque pulses from the
cities which cause variations of the tape speed. The amount reel motors are shown. (Other effects, such as harmonics
of speed change at the heads due to these forces and veloci- of rotational speeds and ball-bearing ball speeds may exist,
ties depends on the transmission characteristics of this but are not shown.) The rates shown completely cover the
mechanical network of t_pe lengths and rotating elements.

The energy losses of the mechanical elements are usually , _[_ · ........................

small. Because of this, transient disturbances (e.g., tape ,.,,-_A. ........._. _.._:._ ....__.._:_[_....+++_--+-_splices, tape rubbing on a reel, line voltage shifts, etc.) will '%'_:I_.%_....
cause undamped oscillations or "ringing" at the natural
resonant frequencies of the network. Additionally, the [-_[[Mo,_. +_+ -' .........
velocity generated .by periodic disturbances (e.g., a "cog- _i_
ging" reel motor, or an eccentric capstan or reel idler, etc.) _'

will _beamplified whenever the disturbance frequency falls 1_ ,_, , .... ..+m.__t _ ............

neara resonan.t frequency of the mechanical network. _......_ __,_,__+ew-_"'"""'____The usual design procedure is to reduce the periodic dis- .,_&o,_
0.2 1.0 m :eO

FUOUENC_IIqCYCUtS_11SECOND

* Presented October 17, 1963 at .the Fifteenth Annual Fall Con- Fro. 1. Frequencies of potential periodic disturbances in the Am-
vention of the Audio Engineering Society, New York. pex Model MR-70 tape transport.
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MECHANICAL DAMPING IN ,TAPETRANSPORTS 141

range from _ to 120 cps. Also, the transient disturbances system by inspection. (Vibrations of the elements--e.g., the
cannot usually be eliminated, and they will excite any head--may also occur, _butare ignored in this simplification.
resonant condition. Also, in this drawing the damping associated with each

Reduction of the amplitudes of these resonances is pos- element is not shown; it will be considered later.) Figure 2c
sible ,by providing energy-dissipating elements, called me- shows the analogous electrical schematic, drawn by inspec-
chanical responsiveness, and corresponding to electrical re- tion using the mobility analogue. Mass becomes capaci-
sistance. Note that electrical dissipators .(resistors) are the tance, compliance ,becomes inductance, responsiveness (the
simplest and most common electrical element; low-loss (high damping property)becomes resistance, force becomes cur-
Q) elements are difficult to design. On the other hand, rent, and velocity becomes voltage. The principles of an-
mechanical elements are commonly high-Q, and a dissi- alogy are discussed in detail in the literature3
pator (responsiveness) is comparatively difficult to design. to. 3.1an

This paper is concerned with the responsiveness of the , '°'Z'_;'c_, , °"
elements of the transport and the practical application of ,_'& ,,::. 3_0 ,:_

additional responsiveness elements. ,_o___

ANALYSIS OF THE TAPETRANSPORT ....t _ _,_I j_L_.f_?,?I _ _i2__.,g_I _

oo_o m_o,

Let us first consider a tape transport; for convenience
of analysis, we will simplify as much as possible. Fig. 2a

2

(I) Supply reel mau (9) Take-up reel mass 0-4

and dlsmrbingforce. (5) tmm_c_- and disturbingforce. FIG. 3. Electrical analog of an indirect-drive tape transport with

/_ I _ in. wide tape. When the viscous damper of Fig. 15 is used in
IL9) Cop,to, ma,,, _ _ place of C3, this analog represents the Ampex Model MR-70 tape

(3) Reelidler_ _ _o,,.ll .... / 'X transport.
(o) ..... ....[o)

_r 5_ _ Quantitative study of any system requires measurement
x,.... ) (" _ _ of the mechanical values. Metric units are most easily

12)T,ppi,,,,_ r..... 'J _'_'(S) T°peco,,,k,,_°, handled in the analogs, and are recommended. We haveo) T,p,_,_, .... _ (6_To_,_o_p,,.,_. used the English inch-ounce-second units and, since our sup-
a pliers, machinists, etc., are not familiar with metric units,

M_ have invented our own set of unit names since a systom

MMI MM3 C--C]_i, MM9 of units does not exist for mechanical quantities. We have

,Ii, I'D[_._cm_c_-_q__]--{ I'. ,'_ , basic units for force, the ounce; for distance, the inch; and
_L_'_ for time, the second. The English foot-pound-second sys-'l_-t"l'--'a'h'" _{.,J-tl, _-",--{I,r---_l, I, .tam has a mass unit called a "slug," and we have namedi -o,, the inch-ounce mass unit (dimensionally, oz-sec2/in.) a

h f3 t---_---_l, {9 "snail." (The dictionary says the "slug" is "closely relatedCM7

b to the snail," if there must Ibc a justification.)It is fairly

h _ t_ t6 ts i, common to express velocity not as "inches per second," but

_ by its initials, "ips." We have likewise named the com-

r:_ _ ' [-Q _ pliance unit "ipo" (inches per ounce), and ,the responsive-

l,cJ 1

[ i _ J : "s i_'J _%' ness unit "ipso" (inches per second-ounce).

! cl '1 %* J 'i c7'_ t c*_I' Figure 3 shows a simplified schematic ora tape transport,, , using a mixtureof electricalsymbolsand the mechanical
j J l, J ! -]' component values. The greatest mass is that of the capstan,

1

c 44 snails (C7); the reel idler is much smaller (0.8 snail,
Fro. 2. Representation of a simplified tape transport, a. Physical C3) and the reel still smaller (0.02 to 0.10 snail, C1).

system, b. Mechanical schematic diagram, c. Analogous electrical The drive motor is very stiff (low compliance) (32 tdpo,
schematic diagram. L7), and the major compliances are those of the tape itself

shows a simpli,fied tape transport--supply reel (1), tape (2), .(1000 to 3000 vipo each, /2, 4, 6, 8). Most of the respon-
reel idler (turn-around roller) (3), tape (4), transducer siveness elements are too large to have appreciable damp-
(head) (5), tape (6), capstan motor system (7), tape (8), ina at the frequencies of concern--C1/£2 with R1 and R2
and take-up reel (9). This is a network of torsional masses has a Q of approximately 15 at its resonant frequency of
(1,3,7,9) a torsional compliance:(7)r and several transla- 20 cps; C3/(L4 nc 1.6) with R3, 4, 5, 6 has a Q of approxi-
tional compliances (2,4,6,8). In Fig. 2b these have been mately 7 a.t its resonant frequency of 3.1 cps; and C7/L7
converted into an equivalent all-translational system and with R7 (which is an "added damping"; to be discussed
shown as a mechanical schematic drawing, using mechani- _See especiallyL. L. Beranek, Acoustics:(McGraw-Itill Book Co.,
cal symbols; this schematic can be drawn from the physical New York, 1st ed., 1954), Chapter 3, Part VI.
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below) has a Q of 4 at its resonant frequency of 4.2 cps. .2o
Note that the tape speed per se does not enter at all into
this network.

+10

MEASUREMENTSWITH AN ANALOG ELECTRICALNETWORK

o

analogous electrical values, as described by Wolf,2 and the
response of this electrical network may then be measured.

Such an analog study calls attention to the fact that -_o
many variables enter into the performance of a tape trans-

port system.Thus, 1. Disturbancesmay comefromthe

reeling systems, the reel idler, the heads, and the capstan -2o
system; therefore the response from disturbances at each
of these inputs should be considered. 2. The speed should
be constant at both the recording and the reproducing -30
heads; but the response is different at each head position, _ lo _oo
requiring separate measurements for the effect at each head. _EOUENCV_NCYCLESPE_SECOND
3. Each element may have disturbances which are of an Ftc. 5. Frequency response of the analog of the Ampex MR-70
essentially constant-force nature (e.g., a dragging .break or tape transport with ¼ in. wide tape. Velocity at the recording head

due to a force and due to velocity at the reel idler, with an un-
bearing) or of a constant-velocity nature (e.g., an eccentric damped idler flywheel.
pulley); responses to velocity and to force inputs are gen-

erally different,· so that two separate measurements are Let us consider the frequency response of the velocity at
needed. 4. Many of the elements are variable--e.g., the the recording head, when a constant force vs frequency is
equivalent mass of the reel of tape changes as the tape is applied at the supply reel--e.g., "cogging" of the reel motor.
reeled off; .the tape compliance changes with different tape With no reel idler flywheel (Fig. 4, dashed curve) a large
thicknesses, widths, and Young's moduli; the compliance of

synchronous motors changes with the line voltage; the Ill, t;_ iW!l_
·complianCeferentfor each°faspeed.multiplespeed synchronous motor is dif- o_ 0:4 tm

Therefore the measurements shown in the remainder of

this paper represent but a few of many measurements, ll,_[]!ill il1_oI!I!IIIIIIIIIIIJLIIIf Jl 'ldlBB,'RESPONSEOFATRANSPORTANALOG , I . *__l_l 2WITH LITTLE DAMPING

+20 iW ---- i

-- _0 ,_llll[]!ll

i 0
ac

ii iilm 0.-ddl/
I 10 100

Fzo. 6. Oscillograms of damped waves produced by a step voltage

· FREQUENCYIN CYCLESPERSECOND -change across a resonant Circuit, for different values of Q.

Fro. 4. Frequencyresponse of the analog of the AmpexMR-70 tape
transport with _ in. wide tape. Velocity at the recording head due 2 W. Wolf, i'An Investigation of Speed' Variations in a Magnetic
to a force at the supply reel; with no reel idler flywheel, and'with an TaP e Recorder, with the Aid of Electro-Mechanical Analogies," J.
undamped reel idler flywheel. Audio t_ng. Soc. 119 ·(1962). :
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resonant peak occurs at 12 cps as the tape compliance ADDITION OF RESPONSIVENESS
resonates with the equivalent mass of the supply reel. (This Three-Element Filters
resonant frequency varies with the amount of tape on the

reel.) Unfortunately the reel motor "slot rate" frequency For analytical simplification let us discuss a very simple
passes through this range, and will cause high speed varia- filter configuration consisting of one L and one C, with
tions (i.e., flutter), addition of an R, as shown in Fig. 8. (Many practical t_pe

Addition of a flywheel (Fig. 4, solid curve) attenuates transport mechanical networks actually approach this simple
the response at this frequency, but produces a new reso- case.) Our mechanical systems so fa.r have been compara-
nance around 3 cps. This new peak falls near the rota- tively undamped, as shown by the left figure. A responsive-

ness element can *be added in one of four loca.tions in such

[ _ a network. Each position, however, has some greater or
,o lesser defect:

1. Positions with dc lossa) R in series with L: a dc drop in voltage occurs when
..... Co,,'Y';%_&_":_%;';A/'_2"_A-,_,.:li_:_ -- Io current is transmitted through this filter. Mechanically this

..... ; ,.3_ _::_' J means that the ou,tput speed is tess than the input speed.
/ This is satisfactory if the load is constant, or if some

varia,tionis tolerable.average-speed
/ 'b) R in parallel with C: a steady state power loss occurs

__ ,/ here. Mechanically, this means that for adequate damping
l of a typical small high speed synchronous motor, the steady

/_--- load would amount to ten times the available horsepower
/, output of the motor!

f

I' _ 2. Positions without dc loss
°_ // R in parallel with L, and R in series with C: the trans-

/ mission of the filter at high frequencies approaches that of/
,_ an R-C or R-L circuit, impairing the filtering action.

,/
UNDAMPIED DAMPED

0 10 20, 3O 4O 50 _o 70 8o 90 ioo
g,%ofA

Fro. 7. Q of a damped resonant system as a function of the am- _

plitudes of successive peaks of a damped wave. -_.

tional frequency of the reel idler itself. A still larger fly- c_'_6'_-_ WITSDeLOSS
wheel would further lower the resonant frequency so that T
it would coincide with the reel rotation frequency, o _ o o.-r33'ms-,.--_.--_

Figure5 shows,theresponseto forceand velocityinputs '-" __
a,t the reel idler, when an undamped reel idler flywheel is e T' o c ? o

used. The resonance is seen- in this analog to amplify the Wn'HOUTDCtOSS
effect of an eccentricity of the reel idler pulley, or a dragging FTO.8. Simple low-pass filter configurations, without and with
brake or bearing, .by four times. (The Q of the actual damping.
mechanical system is really 7---our electrical circuit had
too much resistance.) When the reel idler rotation fre- Figure 9 shows two exam,pies of fil,ters with added re-
quency coincides wi,th the resonan_t frequency--as it does sponsiveness (these have been used in motion picture sound
with M in. tape at 15 ips--the slightest imperfection of systemsa). The effectiveness of these systems is difficult to
the reel idler will cause large amounts of speed variation determine, as no values are given. Figure 9a is for a shunt
(flutter) at 3.2 cps. Moving the frequency is of little help, to ground by a "grease pad," and Fig. 9b is for a responsive-
as some other disturbance frequency will then be amplified, ness across a series compliance, using oil driven through a

A transient distur,bance will cause a damped wave of small hole.
speed variations to occur. Figure 6 shows examples for Figure 10 sho_vs addition of responsiveness in a tape
different values of Q. A Q of 7, as mentioned above, will transport: the usual direct-drive ca_pstan system using a
damp out to 10% in 5 or 6 cycles, or _bout 2 seconds for hysteresis synchronous motor (for example the Ampex
a 3 cps resonant frequency--a considerable time. Model 351) has an equivalent mass of 22 snails, a resonant

This transient disturbance provides a convenient method frequency of 3.5 cps for 15 ips tape speed, and a Q of 10.

to measure Q: ,the damped waveform is recorded on an aW. J. Albersheimand D. MacKenzie, "Analysis of Sound-Film
oscillograph, the ratio of successive peak amplitudes is Drives," Jr. Soc. Motion Picture l_ngrs. 37, 452 (1941). The drawings
measured, and Q found from the graph of Fig. 7. of Figs. 9a and b, and 13a and b are taken from this reference.
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DRIVE _ FLYWHEEL FILM AND VELOCITYVELOCITY COMPLIANCE INERTIA
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I_IIVE COMFLI- ,._ikON VELOCITY / C_M_I_"_E / . ?

VELOCITY'iii _;0_ = JIZ0' 'CE MO"lENT,NElt'rl'C_Of:I- .SIST._NCEFRICTIONI "i__ e_,'ii / i;[_t el=ilZl0 J/j -/Z[_i t./1I_1 /_> "I / _ i 'eD:'IDLDOP _ il

a b
Fro. 9, Examples of mechanical low-pass filters with added responsiveness, a. Added shunt responsiveness to ground, b. Added responsiveness

across a series compliance.

An indirect drive as used on the Ampex Models 300 and sufficient advantage to outweigh the disadvantage of slightly
MR-70 uses a synchronous motor to drive the capstan fly- decreased speed regulation.
wheel :through a robber tire friction drive. The added
_eries responsiveness damps the system to a Q of 3, with FOUR:ELEMENT FILTERS

resonant frequency at 6 cps, and an equivalent mass of 50 Cook, 4 and Wente and M_iller,s and Davis ° describe four-
snails. Although the series responsiveness precludes true

synchronism, one must remember that the tape is always element filters combining the good features of the responseof a damped network, and the loss-free character of an
coupled to the capstan through a friction coupling, so that
true synchronism is never possible in a Cape recorder without undamped network. The circui¢ is shown in Fig. 11: an
servo control from the tape. In the MR-70, the hold-back Z3

.tension is held constant through the reel, so that average- · ii-_L_ 2_ [ t

speed variations are minimized. The reduction in Q is of t e - o

k ?
1o o

· ·2

· O z= i4

I T Fro. 11. Circuit of a four element low-pass filter, a. Circuit forT -'--' response, e=/e_, b. Circuit for impedance, z/zo.
· undamped capacitor (mass) C1, is shunted by a damped

capacitor (mass) C2. (The Davis system places a damped

'"_ --" . 4 E..D. Cook, "The Technical Aspects of the High Fidelity Repro-
(a) (b) ducer," J. Soc. Motion Picture Engrs. 25, 289 (1935).

Fro. 10. Analogs of capstan drive ·systems employing hysteresis in 5 E. C. Wente & A. II. Miiller, "Internally Damped Rollers," J. Soc.

synchronous motors, a. A direct-drive system, Q = 10 equivalent Motion Picture Engrs. 37, 406 (1941).
mass _ 22 snails, resonant frequency ---_ 3.5 cps). b. An indirect o C. C. Davis, "An Improved Film Drive Filter Mechanism," J. Soc.
drive system, Q = 3 (equivalent mass = 50 snails, resonant frequency Motion Picture Engrs. 46, 454 (1946). The drawing of Fig. 13c is
= 6 cps). 'taken from this reference.
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inductor in series with the main inductor; the principle and
results are similar.) Responses are shown in Fig. 12: a very
low value of R gives a high Q at the frequency of resonance
for L-{- (C1 in parallel with C2); a very high value of R
gives a high Q at the frequency of resonance for L-{-C1
only. At the correct intermediate value of R, the response
is damped to a minimum.

Figure 13 shows three practical examples of four-element
filters used in motion picture sound systems: (a) a damped
inertia (viscous damper) with a solid flywheel mounted on

bearings, inside an oil-filled shell; (b) a damped inertia '_"_C_ _2 '__cs_ ___ii_lZ°'

(viscous damper) _vherein the liquid in the shell is at once
the inertia and, ,by the use of vanes, the responsiveness;
and (c) a damped compliance, with a "dash-pot" on an
idlersystemwhichdeflects{hefilm. - -

The design of such a .four-element filter is described by a

Wente and Mfiller, 5 and Iby McKnightJ ,s To see the effect _.

J i J i i J l_,o_ -- ........ .-C.+: :_: _
Q'c I I ill I

-i-H/4+t_- J2

...._,.. , i4¢-44 ,

0.1 0.2 0.5 1.0 2.0 5.0 10 20

CT Ts" CsPT U l
+20 , m m imm m m

ia ;' .... b

ROLLER _'__.,....
+lo ..... ,_Q_i SOFT {4)FLYWHEEL& MAGNETICDRAO

: ........ ( o. i lll i -:1 M.ENO,NGCOMPL,ANCE
9-2_¢-¢4+' '}+'-_,q::tT*_zz, -i- .,7,.4-"_;'''j '_',m-_ .... I

__ -m _ '._.LI V_. ''_44__ I SOUNDORUM& _. SPRINGDAMPERj

-20

0.1 0.2 0.5 1.0 2,0 5.0 10 20

REb/_ThtEFREQ_ENCY, ,4'x =

b ] -_ ] L3' L2

FIG. 12. Response and impedance of a four element low-pass filter { [
as in Fig. 11. C_ := 6C_. a. Response vs frequency, b. Impedance vs 11
frequency. C3 t'

of using a viscous-damper on the reel idler, consider Fig. 14 e4 c4 _h _ ,_
which shows the circuit and values of the viscous damper
used in the MR-70 to replace the undamped flywheel (C3
of Fig. 3) used in the Models 300 and 351. Figure 15
compares responses measured with an electrical analog for
the undamped reel idler flywheel, and for the viscous c

Fro. 13. Examples of mechanical four element low-pass filters, a.
7.1'. G. McKnight, "The Response of Simple Mechanical Networks," Damped inertia (viscous damper) wRh a solid flywheel, b. Damped

(unpublished). inertia (viscous damper) with a liquid flywheel, ¢. Damped com-
a j. G. McKnight, "Design of a Viscous Damper," (unpublished). pliance.
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----i--- higher frequencies is slightly impaired, but still adequate.RSa I The measured effect on an Ampex MR-70 transport with
J Cia __L- _O.I ipso J _ in. tape is shown in Fig. 16. In this measurement the

condition with the undamped reel idler flywheel (Fig. 16a)

1"1snailO'2_1 _ _1' CSb JJ had a Q of 4.5. When the viscous damper was substituted
L_- __._ O'5*nail i (Fig. 10b) the Q fell to 1.7. The improvement in case of

Fro. 14. Viscous damper to--replace the reel idler flywheel (C3) in an impulsive disturbance at the supply reel is obvious.
the transport analog of Fig. 3.

CONCLUSIONS

damper. Resultant velocity at the record head is shown
for a force at the supply reel, a force at the reel idler, and We have shown that the mechanical system of a tape
a velocity at the reel idler. (In this case, the total inertia transport consists mainly of elements with low dissipation,
of the viscous damper equals that of the solid flywheel.) and that the high Q resonances resulting will almost cer-

tainly coincide with one of the many possible disturbances,
.,, resulting in large speed variations (flutter) at one fre-

quency or another. A change of mass or compliance may
·,o= ......... avoid coincidence of resonances with the worst of the dis-

i o turbances,but a bettersolutionis to add a responsiveness(damping) element to reduce the response at resonance.
Anexampleof a practicaldamperis shownwhichprovides

'" ·...... a response reduction of four to six times.

-20.3_ +i -- __UNDiU'_'EbFL't_HEB- _-!i_

_l I_Xq_JENC¥IN C_CLtSPEPStCOelD i

*2O

· lo _ UN_;U,_EO_VWHt£L

o t Ia

G _EoumcY IN C_CLESpERSECOND

i .
b ................ John G. MeKnight was born in Seattle in 1931. He re-

Fig. 15. Frequency response of the analog of Ampex MR-70 tape ceived a B.S. in electrical engineering from Stanford Uni-
transport with _ inch wide tape, with an undamped flywheel, and versity in 1952.
with a viscous damper on the reel idler. Velocity at the recording
head due to: a. a force at the supply reel. b. a force at the reel He has been with Ampex Corporation since 1953, with the
idler, c. a velocity at the reel idler, exception of the years 1945-56 when he was assigned to the

engineering staff of the U. S. Armed Forces Radio Service in
New York. The Ampex Corporation appointed him manager

The response at resonance for all three disturbances is of the advanced audio section of the Professional Audio
seen to be decreased 12 .to 16 db (i.e., one-fourth to one- Division in 1959, and staff engineer in the Ampex Audio I)i-
sixth) when the viscous damper is used. The response at vision in 1961.

Mr. McKnight's work has been in research and engineering
n on the dynamicsof tape transportsas well as on magnetic

recording, especially as it concerns the recording of music. HetX.

is an amateur musician, and has presented and published
+0.50 ;_ papers on energy distribution in music, noise considerations

O o_ l/ and measurement in magnetic recording, equalization in mag-

__ 0 --_ -_ _//_ 74 _' _ - IvlJ netic recording, stereophonic recording, and transportspeedvariations(flutter).Z_ -0.50 v_ He is a governorof the AudioEngineeringSocietyand a

m> 0 0.5 1.0 0 0.5 1,0 TIME, SEC, member of the Recording and Reproducing Standards Com-
Z ca mittee of the IEEE and the Magnetic Tape Subcommittee of

a : b the NAB Recording and Reproducing Standards Committee, a
Fro. 16. Measured speed deviation vs time for an impulse at the Fellow of AES and a Senior Member of IEEE.

supply reel, MR-70 tape transport with ¢ inch wide tape. a. Un-
damped'flywheel on reel idler, Q: 4.5. b. Viscous damper on reel
idler, Q-: 1.7_


