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19. LOADCELL SUPPORTS FOR A DYNAMIC FORCE PI.ATE

By C. W, Keller and L, M, Musil
Lockheed Missiles and Space Company, Inc. J
Sunnyvale, California '

and

By John L. Hagy
Shriners Hospital for Crippled Children
San Francisco, California

SUMMARY

An anparatus was developed to accurately measure components of force
along thiee mutuaily perpendicular axes, torque, and the center of pressure
imposed by tue foot of a subject walking over its surface. The data obtained
are used to supplement high- speed motion picture and electromyographic (EMG)
data for in-deptl studies of normal or abnormal human gait, Significant fea-
tures of the design--in particular, the mechanisms used to support the load-
ceil transducers--are described., Results of the development program and
typical data o:tained with the device are presented and discussed.

INTRODUC TION

Since 1965, a group of orthopedic surgeons, medical researchers,
and asrospace engineers have worked together* to develop and perfect the
equipment and techniques nceded to thoroughly characterize and quantitize
human gait parameters, Early efforts by Sutherland and Hagy (Ref. 1) were
focused on the use of high-speed motion picture cameras and a multi-chan-
nel EMG system to acquire data on angular motions and neuro-muscular
activities of the lower extremities during walking, As these efforts progressed, )
the need for force, torque, and center of pressure measurements which were
correlated in time with the motion picture and EMG data, became increasing-
ly obvious, Consequently, in 1971, a device designated as the Dynamic Force
Piatel was conceived and built, With this de ice, precise measurements of

*The work described herein was sponsored by the Shriners Hospital for
Crippled Children, San Francisco, California

tu, s. Patent pending. Development models are currently in operation . {
at Shriners Hospital, San Francisco, California; the Mayo Clinic,
Rochester, Minnesot:; and Children's Health Center, San Diegu, Cal-
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vertical force, forward-aft shear force, medial-latercl shear force, torque,
and center of pressure location are obtained as functions of the percent of
walk cycle (time) while the <vpject's foot is in contact with the plate,

During the design and development of the force plate system, the
most critical probiem encountered was that of devising loadcell support
mechanisms which were suitably rigid, yet which permitted the six degrees
of freedom needed to obtain the desired ricasurements. These supports
were required to provide reiatively high load capability, minimum misalign-
ment, and negligible friction., Three different support mechanism concepts
were develcped and evaluated during the program, In the chronological
order of their develupment, these were: (1) sliding friction supports.

(2) ball-joint/ conical pivot supp-r+ts, and (3) spherical segment rocker sup-
ports. The latter were found to be superior in terms of accuracy, repeat-
ability, low-friction, low-noise, and high-load capabilitics. Moreover,
installation and calibration procedures were significantly simplified with
this design,

SYSTEM DESCRIPTION

The Dynamic Force Plate is shown in the photograph and cut-away
perspective drawing of Figs, 1 and 2, respectively. Application of current
aerospace instrumentation technology to the design of the system reculted
in selection of piezoelectric quartz crystal loadcell transducsrs to obtain
the necessary measvrements, Originally developed for tl.e adverse environ-
ments and demanding requirements of unique aerospace applications, these
rugged loadcells extend hereteflore unavailable measurement capahilitics
to the medical community, Compared ‘o more conventional strain gage load-
cells, ine piezoelectric devices offer the following aavantages: (1) passive
operation (i, e,, no active excitation power supply is requireq), (2) a wider
load range for a given load rating, (3) a higher sensitivity due to higher out-
put voltage, (4) a higher frequency response, (5) a higher structural rigi-
dity, (6) a wider operating temperature range, and (7) a smaller physical
size eavelope,

The particular loadcell transducers selected provide up to ¥ 10-volt
output signals over a load range from approximately 0, 09N to 2, 2kN (0, 02
to 5C0 1bf) with a frequency response from near DC (static force) to approx-
imately 200 hz*, Once installed, they require little or no maintcnance or
recalibration. Output signals are gererated cnly in response to changcs in
the applied load; consequently, they are summed electronically using a
charge amplifier in order to determine the total net force applied at any
particular instant in time.

*The value given 18 representative of the total system and depends primarily
upon the mass and rigidity of the plate; the upper limit of response for the
transducer alone is 5000 hz,
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Development models feature use of a transparent plexiglas plate in !
order to permit photographing of the footprint pressure patterns from be- f
neath the walk-way surface as shown in Fig. 3, However, high-load, high- i
frequency-response models now being planned for use in large animal gait ;
studies will require metal or composite plates in order to accommodate
vertical forces of up to 17, 8 kN (4000 1bf) and to provide system frequency
responses of up to 1000 hz or higher.

The Dynamic Force Plate system, as demonstrated by the existing
developmental models, is eminently suited to automatic data acquisition
and modern, high-speed computer reduction, analysis, and display tech-
niques, In the installation at Shriners Hospital, for example, force, torque,
and center of pressure data are recorded, processed, and plotted in en-
gineering units within approximately 7 minutes after any given walk cycle.
This is accomplished using an Electronic Processors, Inc. general purpose
EPI-118 minicomputer which is connected directly to the force plate system
(Ref, 2).

LOADCELL SUPPORTS

Fig. 4 shows a closeup view of one corner of the force plate assembly,
One of the two loadcells provided to measure forward-aft shear and torque,
and the singic lcadcell used o determine medial-lateral shear, can be seen
as installed within the lrad frame. This photograph, taken looking down on
the cdevice with the cove. plate removed, actua iy shows the load cells
assembled with the original sliding friction supports, However, it is also
representative of the installation for the ball-joint/conical pivot supports
and the spherical tegment rocker supports developed later, Details of each
of these support mechanism concepts are presented and discussed in the
following paragraphs.

Sliding Friction Supporis

Exploded views of the shear/torque force link assembly (on the left)
and the compression spring assembly (oa the right) are shown in Fig. 5 for
the sliding friction support concept, The force link assembly shown is
typical for any une of the three shear/torque loadcells and for any one os the
four vertical loadcells, although detail dimensions do vary for the shear/

‘torque and the vertical force applications. Each of the three shear/torque

loadcell assemblies is pre-loaded in compression by one of the three spring
assemblies provided. This permits measurement of load in both directions
using a single loadcell transducer at each location. The output is zeroed
electronically after the preload is adjusted to the desired value,

With this concept, all force link (loadceli) and compression spring
assemblies are mounted rigidly to the load frame through the threaded
mounting studs, In oriler to load any given transducer, the plat. must be
free to deflect in the direction of the applied load, This requires sliding of
the microreal bearing surfaces normal to the loadcell axis (see detail shown
in Fig. 5) for all of the system transducers mounted perpendicular to the
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applied load axis. A potential error in measuring the applied load is thus
introduced due to the frictional reactions imposed by the transverse-axis
loadcells. A secondary source of error also results from the side load
imposed on any given loadcell transducer due {o the sliding friction,

During the development program, an analysis was performed to pre-
dict the magnitude of potantial errors due to friction. A coefficient of static
friction of 0, 02 was assumed in the analysis based or a data sheet supplied
by the Microseal Corporation for the appropriate materials and surface
finish, Results of the analysis indicated that an error in a measured shear
load of approximately 17. 8N (4. 0 1bf) could occur due to frictional resistance
of the vertical force loadcells with a 90, 7-kg (200-1bm) subject on the plate.
This magnitude of error was considered tc be unacceptable, and the design
of the loadcell supports was modified. Experimental results obtained with
the sliding friction support concept showed that the errors in measured
vertical force were not significant, but that those observed for shear loads
were indeed high compared to the range of the expected loads,

Rall-Joint/Conical Pivot Supports

The loadcell support concept shown in Fig, 6 differs from the sliding
friction support concept in that cach loadcell assembly can rotate in order to
achieve transverse-axis deflections. An adapter with a conical pivot is used
in conjunction with a ball-joint swivel to provide the necessary rotational
freedom.

Experimental results obtained with this system showed a marked
improvament in accuracy, Errors due to internal friction within the mech-
anisms were reduced to negligible values. However, it was found that the
initial calibration of the svstem was qu te difficult due to a lack of axial
rigidity within the nenprene washers used to align and cushion the swivel
ball joint. Moreover, the maximum load capability of the system was
limited by yielding of the conical pivot due to its extremely small contact
avea,

Spherical Segment Rocker Supports

The final loadcell support system concept that was evaluated during
th 2 development program is shown in Fig, 7. Using this concept, rota-
tional freedom is provided by spherical segment rockers without sacrific-
ing axial load capatility, In addition, the difficulty encountered previously
in calibrating the system due to the lack of axial rigidity was eliminated,

In order to better provide the geometry envelope needed for the rocker
segments, conical disc washer springs were used in lieu of the coiled com-
pression springs.
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TYPICAL FORCK LA 0a A OQUTEUTS

The data shown ir _ p~. & ¢y 0 "0 o ore obtalned 1o illustrate the

general capability of the v v 0 ! eoostern, Fove v alks with the
right foot of one normal shye 0 er L UG L fhe torce plate system

currently in operation at Shri crw 7lo | 0 o Orippled Children, San
Francisco. Since this Jerce prote io voui terd dived'ly on-line to an EPI-118
minicomputer, the data were ccoorded, o <ced) dnd machine-plotied
automatically,

In Figs. & turowgh 4, Jo- ¢ o= d-fa outaned at &onominal
cadence of 50 walk cycles e 507 “oopoes vfed ns fonction of per-
cent of walk cycle (time), - it o o s oo wed os fthe period of time
which elapses between consec e vl wroiree of 4oparticilar foot (0 this
case the right foot), and is, *Ler oo, i0 o Snrocar of Cadence,  As
shown in the figures, thc il oo o 2l « - rs ot U percent of the walk
cycle, toe off occurs {typi..-ilv) -2 o 0 d the Tinal heel strike
occurs at 100 percent, Veroiooo oo 0 ard-ff shear force. and med-
ial-lateral shear force o e o atvd ta Phigs, Bothroach 10,
respectively, in terms of ‘tic 1o ent 0 T ade szt At ol torce values
can be determined simuvly by~ 0 e 0 s roant of body welght values

by the actual body we:igh* i Coee St Thy e Bas yr erticular
subject, Torque valucs are - -0 0 7o SSPEERIRIFELUNCLEY B BS FINE & IS
Inspect.on of the duts o0 ' .ot tiraea o by cals the

remarkable repcatability of ‘..o vl e onents L e rated by
the foot of a normal subiect 0 S T late LTIy S Wi esS-
ive walk cycles, Studies a0 0 Curs lhosnoal T gt Anedysis
Laboratory have shown {0 <o : oo v e e 2 i e Gate

similar for different nori: i do s i s at onorcteristics
can be distinguished by oo, o0 S re sohjects, and

even by comparing those ob e o 0 Lo Lo and tor ‘e richt foot of

a given subject. Morcover, closr oo e g e been noted between
normal average plots (1, e, oo e s oot b for oo representative
number of norr:al subjecr=) o Coe s auhing plots obfadnad for an
abnormal subject, It as this convsfy 0 oo and oo eatelr distinguish
and compare spe-:ific details of ti o0 b el abnoriad gait data, provided
by the Dynamic Force Plate «ystean,  chicn Lot -ares its erent value as a
diagnostic and evaluiative tool,

Another characteristic daf v onpa' of *ie Dynanaic Foroe Plate system
is the center of pressurc (CP)-time Wiatory, Fig, 12 shows CP-Time his-
tories for the 5 normal-subject walk cveices discassed above, In this graph,
the X and Y coordinate values refer 1o fhe position of the €12 on the surface
of the force plate with respect to a fixed reference point (X=0, Y-9) at one
corner of the plate. I'ercent of walic cycle (time) values are shown in the
circles Jor each walk ycle, Since the X ond YV ocoordinates are computed
from measured vertical force values, and swmce (by defini‘ion) the vertical
force values are zerc at 0 and 62 pereent of the walk . vele, the CP-Time
histories shown range from approxitaddely 1 fo anproximately 59 percent of

the vralk cycle, -
ORIGINAL PAGE IS
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CONCLUDING REMARKS

The application of aerospace instrumentation technology to the meas-
urement of body forces imposed on a wulk-way dvring normal or abnormal
gait has resulted in the development of a unique medical research apparatus.
Using the spherical segment rocker sunport mechanism concept developed
during the program, the accuracy and repeatability of the data obtained are
significantly enhanced. Similar force plate designs can be develcped and
used to obtain reliable gait da.a for other human or animal studies where
force measurement capabilities ~{ up to 17.8 kN (4000 1bf) are required.
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Figure 2. Cut-Away Perspcective Drawing of the Dynamic Force Plate
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Figure 4.
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Cluscup View of the Loadcell Support Installation
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