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A Force Plate for Measuring Contact Forces During Dependent
Transfers Onboard Aircraft

1. INTRODUCTION

1.1. BACKGROUND ON DISABILITIES

The Americans with Disabilities Act (ADA) of 1990 defines disability in

respect to an individual as: "a physical or mental impairment that substantially

limits one or more of the major life activities" (Sect. 3). A very large portion of the

population of the United States lives with disability. According to the most recent

data concerning disabilities published by the US Census Bureau, 19.7% of

Americans have some kind of a disability as defined by the ADA (USCB, 1997).

This percentage is projected to increase as the population ages (ADA of 1990).

The population of people with disabilities faces obstacles and discrimination in

completing simple, everyday tasks. All people have the right to have these tasks

accessible to them. As stated by Congress:

Individuals with disabilities continually encounter various forms of
discrimination, including outright intentional exclusion, the
discriminatory effects of architectural, transportation, and
communication barriers, overprotective rules and policies, failure
to make modifications to existing facilities and practices,
exclusionary qualification standards and criteria, segregation, and
relegation to lesser services, programs, activities, benefits, jobs, or
other opportunities. (ADA of 1990, Sect. 2)

The 1.0% of Americans over 15 years of age who use a mobility aid as a

result of their disabilities (USCB, 1997) are particularly afflicted by the effects of

architectural and transportation barriers. Simple activities can become difficult due

to prohibitive accessibility. Of particular concern in this thesis are the

discriminatory effects of transportation barriers for individuals who use a

wheelchair. To help overcome these discriminatory effects, in 1990, the
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Department of Transportation enacted the Air Carrier Access Act

("Nondiscrimination", 1999), specifying the rights of passengers and the

obligations of airlines. This Act ensures that passengers are not prohibited from

flying based on their disability. The Air Carrier Access Act goes further to

guarantee passengers the assistance necessary to access air travel. Despite efforts

to ensure safe air travel for passengers with disabilities, transfers occurring

between a wheelchair and an aircraft seat are still a major source of injury for both

the passenger and the airline personnel assisting in the transfer.

1.2. THE TRANSFER PROCESS

In the context of this research, the term transfer is applied to the relocation

of a person with physically disabilities to or from his or her mobility device. Two

primary types of transfers exist, dependent and independent. As the names imply,

dependent and independent transfers occur with and without external assistance

respectively. Transfers occur in many settings; those occurring on aircrafts will be

discussed further.

Independent transfers are only possible for individuals with sufficient

upper body strength and neuromuscular control to lift and/or slide themselves to

their desired location. These were not of concern in this research.

Dependent transfers, those of interest in this research, rely on the assistance

of one or more persons to physically move the transferee. In the air travel industry,

transfers are most commonly completed by ground personnel and flight attendants.

Under the guidelines of the Air Carrier Access Act, all carrier and contract

personnel who have contact with the traveling public must receive training

concerning transfers ("Nondiscrimination", 1999). Two-person front/rear (fore-aft)

transfers were found to be the current industry standard. (Figure 1.1). As a team,

the transferors lift the passenger out of the aircraft seat and into an aisle chair, a

wheelchair specifically designed to pass through and maneuver the narrow aisles

of the aircraft. Depending on the passenger's size and transferor's strength, one or
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more repositionings may be necessary during the transfer. Obstacles, such as a

fixed armrest, pose additional barriers.

II

Figure 1 .1. Dependent transfer completed in laboratory environment. The front
transferor (A) faces the passenger (B) and grasps underneath the legs just proximal
to the knee. The rear transferor (D) lifts from under the arms of the passenger,
grasping the wrists. As a team, the transferors lift the passenger out of the aisle
chair (C) and into the aircraft seat.

1.2.1.1. Unique risks of aircraft transfers necessitating study

The spatial confines of the aircraft environment and the resulting use of the

fore-aft transfer style make aircraft transfers unique. Of specific concern is how

environmental and procedural constraints present onboard aircraft might contribute

to postures and movement patterns that place the transferors at an increased risk of

musculoskeletal injury and the passenger at an increased risk of being dropped.

The results of biomechanical studies have shown that lifting of large weights or

weights far from the body increases the risk of injury (Marras et al., 1995). It is

believed that aircraft transfers possess both of these traits. Lifting motions that

require large trunk flexion, twisting, or bending have also been shown to increase

the risk of injury (Marras et al., 1995). Additional research has established that



twisting and bending simultaneously further increases risk to the lifter, as

compared to lifting with only twisting or bending. (Marras & Granata, 1995;

Fathallah, Marras, & Parnianpour, 1998) It is believed that the confines of the

aircraft (Figure 1.2) cause these high-risk lifting motions. The spatial constraints

that are thought to encourage some or all these motions include:

Aisles as narrow as 38.1 centimeters (15 inches)* ("Width of Aisle",

1999)

Small spacing between rows of 22.9 to 33.0 centimeters (9 to 13

inches)

High seat-backs

Low overhead compartments

Fixed armrests

Figure 1.2. Aisle chair (center) onboard aircraft. Note the spatial constraints.

*

Minimum aisle width for transport category aircraft with seats less than 63.5 centimeters

(25 inches) from floor and 20 passenger capacity or more.
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Large lifting loads and spatial confines are not the only risk factors

associated with aircraft transfers. The frequency of transfers during a segment of

flight poses further risk to participants. Transfers occur up to six times per segment

of flight (Figure 1.3). Before passing through airport security, the passenger may

be placed in an airline wheelchair. Upon arrival at the gate, the passenger must be

transferred from his or her mobility device or the airport wheelchair to an aisle

chair. Once onboard, they must be transferred again to their seat. On arrival, this

process is reversed. The frequency of transfer further increases if the onboard

lavatory is required. Each transfer required introduces another opportunity for

injury to the passenger or transferors to occur.

PM0bu Aid __(Tra I___ Aisle Chair Seat

Wheelchair H( TransferTransfer Airline

Figure 1.3. Typical transfers to and from wheeled mobility devices during air
travel (Hunter-Zaworski, 2003)

1.3. OBJECTIVES OF THE TRANSFER BIOMECHANICS RESEARCH

The biomechanical study of transfers onboard aircraft is one of the

activities of the Rehabilitation Engineering Research Center (RERC) on

Accessible Public Transportation. On the most basic level, the goal of the RERC is

to make public transportation more accessible to everyone. This goal is being

approached through numerous research and development activities. This thesis

addresses a portion of a single research activity, the study of the biomechanics of

transfers between an aisle wheelchair and an aircraft seat.

The objective of the transfer biomechanics study is to understand how

environmental and procedural factors associated with the transfer of a person with

disabilities between an aisle wheelchair and an aircraft seat influences the potential



for injury to the transferor and transferee. To address this objective, the research

group activities will accomplish three specific aims:

Aim 1: Establish that aircraft space constraints increase the potential for injury

during dependent transfers.

Aim 2: Establish that the potential for injury during a dependent transfer on an

aircraft progressively increases as row space decreases.

Aim 3: Establish if use of a sliding board during dependent transfers on an aircraft

decreases the potential for injury.

1.4. TRANSFER BIOMECHANICS EXPERIMENTAL SETUP

The transfer biomechanics study will analyze the motions and forces

during transfers occurring in a simulated aircraft environment to accomplish the

aims of Section 1.3. The experimental setup will include a standard aircraft seat

and a typical aircraft aisle chair. Skeletons of the surrounding seats and luggage

compartments will be constructed to simulate the spatial constraints onboard the

aircraft. The transfers will occur between the aircraft seat and the aisle chair, with

an anthropometric dummy acting as the passenger with disabilities. The forces

occurring in the lumbar spine region of the rear transferor will be calculated using

the inverse dynamics tecimiques to be described in Section 1.5. These forces will

be compared across experimental conditions.

1.5. BACKGROUND ON BIOMECHANICS USING MOTION CAPTURE

Typically in biomechanics research; joint reaction forces and moments are

calculated using kinematics data, the inertial properties of the body, and measured

external forces using a process called inverse dynamics. To complete an accurate

inverse dynamics analysis of a moving body, all the data described above must be

continuously measured during the activity and included in the computations. In the

transfer biomechanics study, a system of cameras will be used to capture the

location of markers placed on the transferors. A computer will use these data to

calculate the location and orientation of each segment of the body as they change
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with time. While the cameras are recording, floor mounted force plates will

simultaneously capture the magnitude, direction, and application point of reaction

forces occurring at the interface of the rear transferor and the ground. The location

and orientation of each segment of the body will be combined with the ground

reaction forces to calculate the joint reaction forces using Newtonian mechanics

(Winter, 2004). In most common biomechanics studies, e.g. gait analysis, all the

external forces acting on the body occur at the subject-ground interface. In such

cases, floor mounted force plates are sufficient to capture the needed force data. If

forces other than these ground reaction forces are acting on the subject distal,

towards the extremities of the body, to the joint(s) of interest, they too must be

captured and included in the model.

1.6. NEED FOR SEAT-BACK FORCE PLATE

In the case of transfers occurring between an aircraft seat and an aisle

chair, forces other than ground reaction forces act on the rear transferor. Viewing

of video-recorded transfers (HLB Decision Economics Inc., 1999) supplied by

Rutenberg Design Incorporated suggested that contact between the seat-back and

the rear transferor may occur (Section 2.2.1). As discussed previously, to complete

accurate inverse dynamics calculations, all forces acting distal, towards the

extremities, to the joint(s) of interest must be measured. For additional verification

of the presence of seat-back-transferor contact, pilot transfers were completed and

recorded in the laboratory. Inspection of these transfers and surveying of the

transferors confirmed the presence of seat-back contact in some cases. The devices

available in the laboratory could not capture the seat-back reaction forces; the

creation or acquisition of an appropriate device became necessary.

1.7. OUTLINE OF DOCUMENT

This thesis discusses the development of a seat-back mounted force plate

and the validation of this device's ability to accurately measure the magnitude and

the location of normal forces applied to it. Research began with the compiling of
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engineering requirements for the measurement device (Section 2.2). This was

followed by a search for commercially available products capable of measuring the

location and magnitude of seat-back reaction forces (Section 2.4). In the absence

of suitable commercially available products, the task of developing a new

measurement device began with the brainstorming of potential design concepts.

These design concepts were analyzed and refined into a final design. The

necessary mechanical and electrical components were manufactured and/or

purchased. The final measurement system was assembled (Chapter 2). The

function of the complete measurement system was validated through a series of

formal tests, and modifications were made as necessary (Chapter 3, 4, and 5).

Finally, the measurement system was placed into experimental service.



2. DESIGN

2.1. OUTLINE OF THE DESIGN PROCESS

The design process began with the identification of the force plate's

engineering requirements. This was followed by the brainstorming of design

concepts to satisfy the previously established engineering requirements. A force

transducer was then selected for the design and the modeling of the force plate

began. The remaining force plate components were selected and incorporated into

the force plate model. This model was analyzed for manufacturability and

modified accordingly. Next, the strength of key components of the force plate's

design was analyzed to predict the likelihood of their failure. Finally, the selection

and assembly of the force plate's electrical components were completed.

Following initial testing, several modifications were made to the force plate to

improve its performance. The following chapter discusses this design process in

greater detail.

2.2. IDENTIFICATION OF ENGINEERING REQUIREMENTS

As with many engineering problems, the task of measuring seat-back

forces was initially inadequately defined. Without a clear definition of the problem

and the desired data, the design process could not progress to concept

development. The task of specifying engineering requirements was iteratively

approached. An initial effort was made to establish specifications. These

specifications were validated or updated as additional information was identified.

Investigation of the engineering requirements began with reviewing the transfer

process.

2.2.1. Identification of seat-back contact location

A video (HLB Decision Economics Inc., 1999) provided by Rutenberg

Design Incorporation of Quebec was reviewed for evidence of seat-back-transferor
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contact. The video was presumably created for research purposes. The video

featured various transfers, 5 of which were dependent transfers occurring between

aisle chairs and airline seats. Three teams of transferors and passengers were

observed. During all transfers, the rear transferor used the seat-back immediately

forward of him to provide leverage and balance. Unfortunately, only one transfer

showed definitive evidence of transferor-seat-back contact in the area of the knee

or thigh. The filming of the other transfers focused on the front of the passenger,

obstructing the camera's view of the rear transferor. The reviewing of video was

not conclusive; further investigation of seat-back contact areas was required.

To augment the video review, additional transfers were completed in the

controlled laboratory environment. Transfers were completed using four subjects,

each performing multiple transfers. Unlike the pilot transfers used later to test the

installed force plate's functionality (Section 3.9), these early transfers were

completed with a human transferee, not an anthropometric dummy. The four

subjects were allowed to choose their role in the transfer. This led to a variety of

transferor configurations and transferred weights. The transfers were videotaped

and later analyzed for seatback contact. The results are summarized in Table 2.1.

Although the area of contact varied with the individuals involved, the

laboratory transfers led to the narrowing of the contact area to two primary

locations. The most substantial reaction forces appeared to occur between the

transferor's knee and the seat-back just below the tray table. Contact occurred

between the knee and seat-back in 6 of 8 trials. Additional contact commonly

occurred between the transferor's thigh and the lower tray table edge. Contact

between the thigh and tray table edge occurred in 5 of the 8 trials. Only 2 of the

trials were completed with no contact between the rear transferor and the seat. The

data collected supported the conclusion that contact is most likely to occur at the

tray table edge and below.
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Table 2.1. Summary of seat-back contact area location during laboratory transfers

Transferred mass
Rear Tr:nsferor

52 kg 68 kg 77 kg 91 kg

Subject 1 52 kg no data no data knee and thigh no data

Subject 2 68 kg no data no data knee and thigh knee and thigh

Subject 3 77 kg no contact knee no data knee and thigh

Subject 4 91 kg no data no contact knee and thigh no data

2.2.2. Nature and magnitude of forces to be captured

To increase problem understanding, a static analysis of a 50th percentile

male rear transferor was completed based on anthropometric data to find the knee

reaction force (Appendix A). Due to the complexity of the transfer process, a large

number of the variables were estimated; the results of the calculation were taken

only as a rough estimate of knee reaction force. The analysis was completed

assuming a 50th percentile male transferor and transferee with a height and weight

of 176 centimeters (69.3 inches) (Tilley, 1993) and 765 Newtons (172 lbf),

respectively. Based on the transferee's expected body position during transfer it

was estimated that 79%, 606 Newtons (136 lbf), of the transferee's weight would

be carried by the rear transferor. The weight of the transferee was applied to the

transferor's arms 40 centimeters (15.7 inches) anterior of his ankle position.

Anthropometric data predicts that the transferor's knee height is 50 centimeters

(19.7 inches) (Winter, 2004). Based on the previously discussed lengths and

weights, it was estimated that the transferor will lean his knee on the seat-back

with a force of 659 Newtons (148 lbf). To allow headroom for larger magnitude

loads, a desired calibration range of 890 Newtons (200 lbf) was selected. Although

no error was desired within this calibrated range, a 2 % Full Scale (FS) error was

felt to be a reasonable target based on the performance of similar commercially

available devices.

Shear forces between the transferor and the seat-back will be very limited

during transfers. The magnitude of shear loads is limited by the friction potential
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of the knee/seat-back interface. It is difficult to quantify the coefficient of friction

of skin because it depends on factors beyond simply the type of surface it is in

contact with. The coefficient of friction between skin and a particular surface type

is dependent on a number of factors including: the skin's moisture content, the

atmospheric humidity, and the region of the body (skin type). As a point of

reference, the coefficient of friction between palmar skin and aluminum is

approximately 0.5 (Buchholz & Fredrick, 1998), limiting the potential shear load

to at most 50% of the normal load. It was assumed that the coefficient of friction

between the knee and the seat-back would be similar.

Deliverable engineering requirements:

. Calibrated range of 890 Newtons (200 lbf)

Shear capacity of at least 445 Newtons (100 lbf)

Less than 2 %FS error in magnitude measurement

2.2.3. Dimensional requirements/constraints

A very important element of the force plate's engineering requirements

was its physical size. Dimensionally the device must:

Unobtrusively integrate into the seat-back volume

Simulate the original seat-back geometry in areas of seat-backlsubject

contact (Figure 2.1)

Measure data in areas of seat-backlsubject contact

The contact locations identified during the video review and the laboratory

transfers established general location requirements for the force plate. The

geometry of the seat further limited the force plate's dimensions. During the

reviewed transfers, the thigh contacted only the lowest edge of the tray table

(Figure 2.1). To further verify the upper and lower vertical limits of seat-back

contact, anthropometric data of knee height as a fraction of total body height was

considered. It was found that the selected range of potential contact heights
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allowed for measurements of knee contact in individuals ranging from 1.5 to 2.5

meters (5 ft to 8 ft 3 in) in height (Winter, 2004). This height range will encompass

virtually all potential transfer biomechanics study subjects. The constraints

discussed above were used to create the dimensional engineering requirements.

Figure 2.1. The geometry of the installed force plate (right) compared to the seat-
back and tray table geometry of an unmodified seat (left)

Deliverable engineering requirements:

. Measurement area width of 34.3 centimeters (13.5 inches)

Measurement area height of 29.2 centimeters (11.5 inches)

Device thickness less than 4.1 centimeters (1.6 inches)

2.2.4. Delivered signal

The force plate system must supply the data collection system with signals

that can be used to calculate the total magnitude and the center of pressure location

of the normal force applied to the force plate. The signal supplied to the data

collection system must be in a useable form. The data acquisition card present in
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Vicon DataStation (Vicon Motion Systems Inc., Lake Forrest, CA) being used for

data collection supports analog signals from -10 to 10 volts. Force transducers

typically transmit only a low level signal, even under full load. Analog inline

amplifiers are required to boost the low amplitude signal to the appropriate level.

The electrical components are discussed in detail in Section 2.4.15.

Deliverable engineering requirement:

Analog voltage output between -10 to 10 Volts

2.2.5. Cost

The transfer biomechanics study budget limited the force plate's parts and

manufacturing cost to a maximum of four thousand dollars. Single component

force transducers were the only option investigated in detail due to the prohibitive

cost of other technologies. Although some cost trade-offs existed between parts

costs and design time, none of the technology to be reviewed in Section 2.4

offered a great enough level of design savings to justify the additional parts costs.

Only potential designs utilizing single component force transducers were explored

further.

Engineering requirement:

Total parts cost of less than $4000

2.3. DESIGN PROCESS USED TO MEET ENGINEERING REQUIREMENTS

Initial brainstorming led to several unique design concepts. The

engineering requirements demanded the measurement of two different, but closely

related reaction forces. These forces occurred between the knee and seat-back and

between the thigh and tray table edge. The presence of two contact areas led initial

design brainstorming towards the creation of two distinct devices, one device

designed specifically for each contact area. Further consideration as to how the

data measured by each device would be utilized led to the realization that the
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reaction forces occurring at the two contact areas would be applied to the same

body segment, the thigh. In the biomechanics model, these two forces would

essentially be combined. Rather than collecting more detailed data than could be

effectively utilized, it was determined that the two devices could be combined into

a single, more universal device. Rather than measuring two distinct reaction forces

only to be later combined in the biomechanics model, this device would measure

the equivalent single force. This equivalent force would be the sum of the

magnitudes of the two individual reaction forces. The equivalent force's location

would essentially be a weighted average of the individual force locations. With the

decision to use only one force plate, the design process was focused on the details

of the force plate's function.

2.4. TECHNOLOGY REVIEW

A search for, and review of, commercially available technologies that

could potentially address the measurement needs of the transfer biomechanics

study was completed. This search and review included both complete systems and

individual commercially available sensors. Multiple technologies were found to

offer technically feasible solutions. However, it became quickly apparent that the

majority of the commercially available technologies were not financially feasible.

Single component force transducers were found to be the only financially feasible

product that could be used to address the needs of the transfer biomechanics study.

The technologies reviewed are discussed below.

2.4.1. Pressure mat

Tactilus pressure mats (Sensor Products Inc., East Hanover, NJ) and

similar products offered by Tekscan Inc. (South Boston, MA) and Pressure Profile

Systems Inc. (Los Angeles, CA) use an array of capacitive-based sensors to

measure applied pressure. The arrayed sensors of the Tactilus provide an accuracy

of 10% full scale range (FSR) with a location resolution of 1mm. The magnitude

measurement accuracy of the Tactilus pressure mat is less than desired for the
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purposes of the transfer biomechanics study. The thin Tactilus mats can be custom

fabricated to fit specific applications. Pressure mats provide additional pressure

profile information that is not available from other technologies. However, this

additional information is not needed in the biomechanical model of the rear

transferor, only the nominal force and center of pressure would be used. The

additional measurement data gathered by the pressure mat would be essentially

wasted. Tactilus pressure mats and similar technologies were not financially

feasible due to their cost, 10-30 thousand dollars.

2.4.2. Pressure-sensitive film

Pressurex (Sensor Products Inc., East Hanover, NJ) pressure-sensitive film

provides its user with visual static pressure information. The technology of

Pressurex relies on a chemical reaction occurring between two Polyethylene

Terephthalate substrates. This reaction records the peak pressure gradient

occurring between contacting surfaces in the form of color. Unfortunately, this

technology was not suited for electronically recording dynamic data and

consequently was not suitable for the purposes of the transfer biomechanics study.

2.4.3. Multiple component force plate

Multi-component force plates can provide all the data required for this

experiment in a commercially available package. Little or no signal manipulation

would have been required to incorporate commercially available force plates into

the laboratory data collection system. Multiple manufacturers (AMTI, Watertown,

MA; Bertec Corporation, Columbus, OH; Kistler Instruments Limited, Hampshire,

United Kingdom) produce appropriate force plates. Unfortunately, it would have

been expensive to purchase or modify an existing force plate to integrate into the

seat-back, simulating its original geometry. The high cost of commercially

available force plates, 10 to 15 thousand dollars, was not financially feasible.



17

2.4.4. Multiple component force transducers

Multi-component force transducers are available from numerous

manufactures (AMTI, Watertown, MA; Bertec Corporation, Columbus, OH). They

possess the ability to capture forces and moments in three dimensions. The

simplest force plate design considered was a rigid plate supported by a single

multi-component force transducer. This design could have been quickly

manufactured due to its simplicity. In this design, a rigid plate would have been

supported at its center by a force transducer. Loads applied to the plate would be

measured in components of force and moment about the center of the plate. A

simple static analysis of the measured forces and moments would reveal the

magnitude and location of the normal force applied to the plate. However, if the

force moved away from the center of the plate, the magnitude of the measured

moments would quickly increase. These magnitudes could potentially increase to

levels which would damage the force transducer. Another drawback of multi-

component force transducers is their physical size. As previously discussed in

Section 2.2.3, the seat-back depth is limited to 41 millimeters (1.6 inches). The

height of the force transducer alone, at least 75 millimeters (3.0 inches) for models

manufactured by AMTI, is likely to exceed the depth limitation of the seatback.

Even if no other concerns had existed, the cost of the multi-axial force transducers,

5 to 7 thousand dollars, would have been prohibitive.

2.4.5. Single component force transducers

Single-component force transducers are commercially available from a

wide range of manufacturers in a diverse array of styles and packages. They are

typically far less expensive than the other technologies investigated. As their name

implies, single-component force transducers are only capable of capturing force in

one direction. Of interest to this research are the compression and

compression/tension varieties. In order to calculate the necessary center of

pressure data using only single-component force transducers, the output of



multiple transducers must be combined (Section 2.4.7). Single-component force

transducers were the oniy financially feasible product reviewed which fully

addressed the measurement demands of the transfer biomechanics study

application.

2.4.6. Design concept investigation

Although other options were briefly considered, the most consideration

went into designs that employed a rigid plate supported in some manner by

measurement devices. This design concept is the most commonly found design in

commercially available floor mounted force plates.

Single-component force transducers were found to be well suited for the

force plate and, as discussed previously in Section 2.2.5, single-component force

transducers were found to be the only financially feasible option. Two design

concepts were considered. In both cases, a frame or bottom plate was to be

attached to the seat-back. The force transducers would reside between this bottom

plate and a top plate. Forces applied to the top plate would compress the force

transducers between the top plate and the bottom plate. One design utilized 3 force

transducers; the other design utilized 4 force transducers. From general mechanics,

it is understood that a minimum of three forces is required to support a rigid plate.

Because of this, it seemed logical to use 3 force transducers. Using 3 force

transducers, rather than 4, offered large cost savings. This cost savings was

initially attractive, however further investigation proved otherwise. The

dimensional constraints discussed in Section 2.2.3 required that the force plate be

rectangular. Although many configurations of 3 force transducers could be used to

support a rectangular plate, all of these configurations would leave at least one

corner of the plate unsupported. If the plate were to be loaded in the unsupported

area, one or more of the force transducers would be placed in tension (Figure 2.2).
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Figure 2.2. Three Force Transducer Force Plate Potential Loading Case

This potential for tensile loading of the force transducers posed a design challenge,

as will be discussed further in Section 2.4.13. The use of 4 force transducers would

allow all 4 corners of the force plate to be supported. Although the potential for

tensile loading of one or more of the force transducers still exists when 4 force

transducers are used (Figure 2.3), the potential magnitude of this tensile load is

much lower. The decreased potential for tensile loading and lower magnitudes of

tensile loading when using 4 force transducers justified the additional expense.

Comp ressic'ri Tension

F4 /
I:crrp ressic'ri Te nsic'n

Figure 2.3. Four Force Transducer Force Plate Potential Loading Case

The theoretical design concept utilizing 4 force transducers was developed

into a more physical concept. This physical concept consisted of 2 aluminum

plates 34.7 centimeters (13.5 inches) in width and 29.2 centimeters (11.5 inches) in

height. The force transducers were placed close to the corners of the plates. Loads
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applied to the top plate compressed the force transducers into the bottom plate

which was rigidly supported. This design will be discussed in more detail in

Section 2.4.11.

2.4.7. Explanation of force plate's function

Using basic mathematical operations, the data from the four independent

force transducers can be combined to calculate the magnitude of the equivalent

normal force and the location of the center of pressure.

The normal force (FToT) is calculated by simply totaling the forces

measured by each of the force transducers:

FTOTAL (1)

The location of the center of pressure is computed by summing the

moments about the force plate's origin. More specifically, the center of pressure

location is calculated such that the moment about the force plate origin due to the

normal force acting at the center of pressure equals the sum of the moments due to

the forces measured by the four force transducers. When mounted to the seat, the

origin (x,y = 0,0) of the force plate is located at the lower left corner of the force

plate. The x-axis extends horizontally to the right of the origin. The y-axis extends

vertically above the origin. Calculation of the center of pressure is outlined in

Equation 2 and Figure 2.4.
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Figure 2.4. Conceptual Force Plate Function

The expression for the center of pressure location (XCOP and YcoP) in general terms

is:

= + (
+ i). d (i', + F2). d

Yco = +
FTOTAL FTOTAL (2)

When the dimensions of the force plate are incorporated; Equation 2 becomes:

- . cm v0 = . cm (3)- {1 91
(F2+F4). 30.481

{i
(F1+F2). 26.04)

FTOTAL J FTOTAL J

2.4.8. Stability of force plate system under shear loading

Although shear forces were assumed negligible for the purpose of data

collection, some amount of shear forces will occur. When mounted to the seat-

back, the weight alone of the top plate, approximately 44.5 Newtons (10 lbf),

would apply a sufficient amount of shear load to raise concern. In the case of a

transferor falling or other unpredictable event, the force plate had to be able to

withstand considerable shear loading without damage. Shear forces had to be

transmitted from the top plate to the base plate through or around the force

transducers. The potential for shear loads and the resulting need for isolation of
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these loads, posed a substantial design obstacle. Three styles of uniaxial force

transducer were considered in the process of overcoming this obstacle.

2.4.9. Force transducer selection

Three styles of single-component force transducers were considered for use

in the force plate: the tension/compression screw-mounted type, the button type,

and the through-hole style. Potential force plate designs were brainstormed for

each force transducer style. The through-hole style force transducer was selected

for the final force plate design.

2.4.9.1. Tensionlcompression screw-mount force transducer

Tension/compression screw-mounted force transducers are available in two

common packages, cylindrical (e.g. Omega Engineering LC2O1, Stamford, CT)

and low profile universal link type (e.g. Omega Engineering LC703, Stamford,

CT; Cooper Instruments LCM7O3, Warrenton, VA). The advantage of the screw-

mounted force transducer over the simple button type force transducer was the

ability of the force transducer to mechanically fix the top plate and the base plate

together. Unfortunately, the shear load carrying capacity of the force transducer

was very limited and overloading could easily result in permanent damage. The

potential shear loading of the top plate was too large to consider the use of screw-

mounted force transducers further.

2.4.9.2. Button type force transducer

The button type compression-only force transducer is produced by a

variety of manufactures (e.g. Omega Engineering LCKD, Stamford, CT; Cooper

Instruments LKCP 410, Warrenton, VA). These force transducers are generally

held in place only by the forces compressing them. The button type force

transducers are capable of carrying loads only parallel to the axis of their

cylindrical body. The design of the button type force transducer inherently isolates

it from shear forces. Investigation into potential designs which would employ the
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button type force transducer led to difficulties in the fixation of the top plate to the

base plate. Only one complex design was found capable of utilizing the button

type load cell. (Figure 2.5) The design used a shaft that was fixed to the top plate,

which then passed through a bushing in the base plate, and finally applied normal

forces to the force transducer. Shear forces applied to the top plate would be

passed down the shaft to the bushing. Only normal forces would be applied to the

force transducer. This design was abandoned due to availability of more effective

alternative designs.

Figure 2.5: Button Type Force Transducer Design Alternative

2.4.9.3. Through-hole force transducer

A design employing a through-hole style force transducer was identified as

well suited for measuring normal forces in a system that must also carry shear

forces. This design was selected for use in the force plate. The key element of this

force plate design concept is the shoulder bolt which passes through the center of

the force transducer. Shear forces applied to the top plate travel down the shoulder

bolt to the bushing in the bottom plate (Figure 2.6). Even in the presence of large

shear loads, only the normal force applied to the top plate is measured by the force

transducer. Futek's 2760 force transducer (Futek, Inc., Irvine, CA) was selected as



24

the most suitable for the force plate based on its force capacity (2222 Newtons,

500 lbf), compact size (24.9 millimeter, 0.98 inch diameter) and availability. The

final design is shown in Figure 2.7.

Shr Fnrc

tion Force

Figure 2.6. Shoulder bolt transferring shear force from top plate to the bottom plate
bushing.

Figure 2.7: Through-hole force transducer design

2.4.10. Elimination of force transducer tensile loading
through the use of preload springs

Due to geometric constraints of the design, the force transducers could not

be placed directly at the edge of the plate. As discussed in Section 2.4.6, this

introduces the possibility of tensile loading of force transducers if forces were
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applied at the outer edges of the plate. Also, as will be discussed in Section 2.4.17,

torsion of the plate can produce tensile loading. The compression-only force

transducers used in the force plate cannot measure tensile forces. Without a design

change, no magnitude or center pressure data could have been collected during

loading conditions in which one or more force transducers were in tension.

To overcome this problem, a design using springs to preload the force

transducers was utilized (Figure 2.8). Springs integrated into the force plate's

design apply a 133 Newton (30 lbf) nominal compressive force to each of the force

transducers. During calibration, the actual magnitude of this constant compressive

force was measured. The measured compressive preload force on a force

transducer was then subtracted from the force transducer's subsequent

measurements. Once the force plate is calibrated in this manner, the compressive

effect of the springs goes unnoticed during most loading conditions. However, in

the case of a center of pressure location near the edge of the plate or in a case of

torsion, the spring's preload acts to prevent the force transducers from

experiencing tensile force. If the preload springs were not present, the ability to

measure data would be lost when a small amount of tensile force unloaded the

force transducers. With the preload springs present, the tensile force is measured in

the form of a reduction of force transducer preload. The use of springs to preload

the force transducers allows data to be collected regardless of center of pressure

location.
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Figure 2.8. Compressive forces occurring as a result of the preload spring.

2.4.11. Force plate design specifics

Figure 2.9. Complete force plate model

After the basic design concept of the force plate and the force transducers

was chosen, the remaining force plate components were modeled or selected. The

complete force plate model is shown in Figure 2.9. The force plate was designed to

just fit within the seat-back's width and depth. The force plate height and its

vertical position were selected based on the seat-back geometry and the manner in
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which this geometry interfaces with the transferor. The lower edge of the force

plate corresponds to the lowest rigid support in the seat-back. At the upper edge of

the force plate, a piece of channel simulates the lower edge of the tray table

(Figure 2.12 and Figure 2.13). The reviewed video and laboratory transfers

supported the need for only the lower most portion of the tray table. The

constraints discussed above were applied to create the final device dimensions in

Table 2.2.

Table 2.2. Force plate external dimensions, excluding the tray table-simulating
channel.

cm in
Width 34.3 13.5

Height 29.2 11.50

Thickness 4.1 1.63

The modeling of the components to be manufactured was iteratively

approached. An initial design was modeled and continuously analyzed and

improved. The final product consists of two primary components: the top plate and

the bottom plate. The top plate (Figure 2.10) and bottom plate (Figure 2.11) were

machined from 12.7 millimeter (0.5 inch) 606 l-T6 aluminum plate.

Figure 2.10. Top plate model



Figure 2.11. Bottom plate model

At the upper edge of the force plate, a 54 millimeter (2 1/8 inch) tall, 51 millimeter

(2 inch) deep piece of aluminum channel simulates the lower edge of the tray table

(Figure 2.12 and Figure 2.13).

Figure 2.12. Tray table-simulating channel model

Detailed drawings of the modeled components can be found in Appendix B and

Appendix C. The bottom plate is rigidly attached to the seat-back by four socket

head '/4-20 bolts which pass through the seat-back frame into the corners of the

bottom plate (Figure 2.13). At each corner of the force plate; a shoulder bolt passes

through a small spring, a bushing pressed into the bottom plate, a force transducer,

and finally threads into the top plate (Figure 2.7).

The shoulder bolts (Figure 2.14) were supplied by Small Parts Inc. (Miami

Lakes, FL), part number SHDA-5/12. They are formed from Alloy Steel SAE

4037. This material gives the bolts excellent strength, hardness, and surface

quality. The shoulder bolts have a socket type head. The machined shoulder

portion of the bolt is 19.1 millimeters (0.75 inches) in length and 7.94 millimeters

(0.3 13 inches) in diameter. The bolt has 11.1 millimeters (0.43 7 inches) of '/4-20

threads.
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Figure 2.13. Force plate mounting bolt locations and tray table simulating channel
location

The small wave type springs (Figure 2.14) were supplied by Smalley Steel

Ring Company (Lake Zurich, IL), part number C5050-M2. The wave springs were

excellently suited for the force plate application due to their low operating height

of only 2.34 millimeters (0.092 inches). Wave springs have a 50% smaller

operating height than their standard coil counterparts. This height savings was

critical due to the size constraints of the force plate's application. The springs

selected have a working load of 44.5 Newtons (10 lbf). They clear a 7.9 millimeter

(0.313 inch) shaft and operate in a 12.7 millimeter (0.5 inch) or larger bore. The

function of the wave spring was discussed in Section 2.4.10.

Figure 2.14. Shoulder bolt, wave spring, and bushing (from left to right)

The bottom plate bushings (Figure 2.14) were supplied by W.M. Berg Inc.

(East Rockaway, NY), part number B4-10. They are oil-less flange style bushings

made from ultra precision sintered bronze. The bushing's internal and external
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diameters are 7.9426 and 17.465 millimeters (0.313 and 0.688 inches),

respectively. They are 6.35 millimeters (0.25 inches) in height. The flange is 19.05

millimeters (0.75 inches) in diameter and 1.06 millimeters (0.04 inches) thick.

These vacuum-impregnated bushings were selected for their low coefficient of

friction and desirable dimensions.

2.4.12. Analysis of force plate design for manufacturability
and the resulting modifications

Investigation into the manufacturability of the force plate led to a

fundamental design change which not only lowered production cost, but also

increased the force plate's geometric tolerances. Early force plate designs relied on

a welded 25.4 x 25.4 millimeter (1 x 1 inch) tubular steel frame (Figure 2.15). To

support the force transducers, the design required that tabs be welded on. Although

this design employed inexpensive materials, it would have required extensive

machining and reworking to bring the welded frame within the required tolerances.

Warping and inaccuracies in assembly were unavoidable, and they would have had

to have been corrected. Notable savings and quality improvements were realized

by replacing the tubular frame with the simple 12.7 millimeter (0.5 inch) machined

6061-T6 aluminum plate (Figure 2.16, Appendix C) used in the final force plate

design.

Figure 2.15. Tubular steel frame.
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Figure 2.16. Machined aluminum base plate.

2.4.13. Finite element analysis of force plate and connecting
hardware

Finite element analysis of the top plate and shoulder bolts was completed

using Ansys (Ansys Inc., Canonsburg, PA). Ansys is a software tool which allows

its user to create and analyze finite element models of mechanical objects. In this

case, it was used to analyze stress and displacement of critical force plate

components under load.

The top plate was modeled in two different manners to verify the

consistency of the results. One model utilized Shell 63 elements, while the other

used Solid 45 elements. Shell 63 elements most accurately model very thin

objects, while solid 45 elements most accurately model thicker objects. Due to the

top plate's moderate thickness, it was felt that the top plate was not an ideal

candidate for either element. The top plate was modeled in both manners to ensure

that an accurate understanding of the mechanics of the plate was reached. Stress

analysis of the top plate was not exceptionally revealing. As expected, the model

of the plate did not fail due to stress under the expected loading conditions.

First the plate was modeled using Shell 63 elements. Shell 63 elements are

typically used to model objects with a thickness that is small in comparison to its

other dimensions. These elements model the plate in 2 dimensions while using the

plate's thickness and material properties in the model's internal calculations

(Figure 2.17).



AN.

32

Figure 2.17. Loaded and constrained top plate model meshed using shell 63 finite
elements.
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Figure 2.18. Von Mises stress of shell 63 finite element Top Plate Model. The
shell 63 top plate model found a maximum stress of 93 .4 MPa (13.5 ksi)

A 2224 Newton (500 lbf). load was distributed evenly over 9 nodes at the center of

the plate. The plate was constrained against rotation and translation in the x, y, and

z-direction at each of the four force transducer mounting holes. The maximum
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calculated Von Mises stress found by the model was 93.4 MPa (13.5 ksi). This

localized peak stress was found in a very small area at the edge of the bolt holes

closest to the center of the plate (Figure 2.18). The peak stress was well below the

yield strength of the aluminum, 276 MPa (40.0 ksi) (Bedford & Liechti, 2000). It

should be noted that the investigator questioned the ability of the model to the

accurately predict stress so close to a constrained boundary, the hole. Stress levels

elsewhere in the plate did not exceed 31.8 MPa (4.61 ksi). This low level of stress

further supports the conclusion that widespread yielding in the plate is not evident.

This model was only an estimate of the actual stress present. Its use was to confirm

the general safety of the design.

It*A. '.41
,lIrt

T'III'1

,;

AN

Figure 2.19. Displacement of the shell 63 element top plate model when loaded
with 2240 Newtons (500 lbf) at its center. The shell 63 element top plate model
found a maximum displacement of 0.270 millimeters (0.106 inches).

The maximum deflection present in the shell model was found to be 0.270

millimeters (0.106 inches) (Figure 2.19). As expected, the maximum deflection

occurred at the center of the plate where the load was applied. The deflection was

determined to be acceptable.
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The findings of the shell 63 element model were confirmed by a second

model that used solid 45 elements, 8 node Bricks. This element type modeled the

entire object as a solid in three dimensions (Figure 2.20).
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Figure 2.20. Loaded and constrained top plate model meshed using solid 45 finite
elements

15 nodes at the center of the plate were loaded with 149 Newtons (33.5 lbf) each,

for a total load of 2240 Newtons (500 lbf). The nodes of the four bolt holes were

constrained in three dimensions against translation. The maximum Von Mises

stress was found to be only 55.2 MPa (8.0 ksi) (Figure 2.21). Again the maximum

stress was well below the 276 MPa (40.0 ksi) yield strength of the 606 l-T6

Aluminum used. The maximum displacement of the solid model was 0.107

millimeters (0.004 inches) (Figure 2.22). The shell 63 element and the solid 45

element top plate model showed factors of safety against yield of at least 3 and 5

respectively.
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Figure 2.21. Von Mises Stress of solid 45 finite element top plate model. The solid
45 top plate model found a maximum stress of 55.2 MPa (8.0 ksi).
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Figure 2.22. Displacement of the solid 45 element model top plate model when
loaded with 2224 Newtons (500 lbf) at its center. The solid 45 element top plate
model found a maximum displacement of 0.107 millimeters (0.004 inches).

Two finite element analyses of the shoulder bolt in bending were

completed as a rough estimate of the safety of the design. It was perceived that the
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shoulder bolts would be most vulnerable when the top plate was loaded in shear.

As discussed previously in Section 2.4.9.3, shear forces that are applied to the top

plate are transferred to the frame by the shoulder bolts. The shoulder bolts are

fixed into the top plate at their threaded end and loaded in bending by the bottom

plate bushing. Two load magnitudes were considered. Both cases employed loads

much larger than anticipated. This was done to ensure that a single accidental load

of large magnitude would not cause permanent damage to the force plate. The first

case considered was a shear load of 2224 Newton (500 lbf) applied to a single

shoulder bolt. This is a very extreme theoretical case. This load could only occur if

the force plate were subjected to its full load capacity in compression and shear

simultaneously and this full capacity was carried by only one shoulder bolt. The

more likely maximum load case was considered second. In this case, it was

assumed that the same 2224 Newton (500 lbf) load was evenly distributed across

the four shoulder bolts. In this more realistic scenario, each shoulder bolt was

loaded with 556 Newtons (125 lbf). Both loading conditions were modeled using

Ansys finite element software. The shoulder bolts were modeled using 20 node

tetrahedral solid 186 elements (Figure 2.23).
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Figure 2.23. Shoulder bolt meshed using 20 node solid 186 elements, loaded with
2240 Newtons (500 lbf) in shear. Loads are visible in red. Constraints are visible
in turquoise.

The load was applied normal to the axis of the shoulder bolt at the height at

which that the bottom plate bushing typically contacts the shoulder bolt. The load

was evenly distributed over 25 nodes. The translation of the threaded portion's

nodes was constrained in all directions to simulate the rigid connection between

the shoulder bolt and top plate.

The finite element analysis found that failure was imminent in the shoulder

bolt loaded with 2224 Newtons (500 lbf). The analysis calculated the maximum

deflection of the shoulder bolt to be 0.13 millimeters (0.005 inches) (Figure 2.24).

Although no deflection is desired, it was felt that this level of deflection was

acceptable given the extreme nature of the loading. The analysis found the

maximum Von Mises stress to be 1.38 x i09 Pascals (200 ksi) (Figure 2.25). SAE

4037 alloy steel, the shoulder bolt material, has a yield strength of approximately

1.17 x 10 Pascals (170 ksi) in applications such as this (lBS Incorporated, 2002).

The calculated stress exceeds the yield strength of the material. Failure will likely

occur if a shear load of 2240 Newtons (500 lbf) is applied to a single shoulder bolt.
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Figure 2.24. Shoulder bolt deformed due to 2240 Newton (500 lbf) shear load.
Maximum deflection: 0.13 mm (0.005 in).

Figure 2.25. Von Mises stress present in shoulder bolt loaded with 2240 Newtons
(500 lbf). The maximum stress of 1.38 GPa (200 ksi) was found in the shoulder
fillet region.
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The finite element analysis found that failure is not likely to occur if a

shear load of 556 Newtons (125 lbf) is applied to a single shoulder bolt. The

analysis calculated the maximum deflection of the shoulder bolt to be 0.069

millimeters (0.0027 inches) (Figure 2.26). The analysis found the maximum Von

Mises stress to be 701 x 106 Pascals (102 ksi) (Figure 2.27). This stress level gives

the shoulder bolt a factor of safety against failure of 1.7. Failure will not likely

occur if a load of 556 Newtons (125 lbf) is applied to a single shoulder bolt.

w
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Figure 2.26. Shoulder bolt deformed due to 556 Newton (125 lbf) shear load.
Maximum deflection: 0.069 mm (0.003 in).



Figure 2.27. Von Mises stress present in shoulder bolt loaded with 556 Newtons
(125 lbf). The maximum stress of 701 MPa (102 ksi) was found in the shoulder
fillet region.

it is important to note that the shoulder bolt finite element analysis was

used only as an estimation of the stress present. in the process of creating the finite

element model, several assumptions and estimations were made. The model

employed in the finite element analysis did not fully recreate the complex

geometry present in the shoulder fillet region. As previously noted, the maximum

calculated stress was found in this region. The simplifications made in the

modeling of this geometry could have a notable effect on the calculated stress. The

model could easily over or underestimate the stress concentration in this region.

Additionally, the area and distribution of the applied load was estimated for the

purposes of the model. The translation constraints applied to the shoulder bolt

were also an estimate of the actual constraints present.

The results of the finite element analysis show that, under the extreme

loading conditions, failure is possible. However, under the expected conditions of

only minimal shear loading, the shoulder bolts have a factor of safety against

yielding of at least 1.7.
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2.4.14. Seat-back modifications necessary for force plate
installation

Several seat-back modifications were necessary to provide an obstruction-

free volume in which to mount the force plate. In order to install the force plate, it

was necessary to remove the seat-back's lower cross brace and modify the seat

cushion support panel (Figure 2.28). The seat-back was removed from the airline

seat during modifications. The seat cover was removed to allow easy access to the

seat-back structure. The seat-back's lower cross brace was cut off the seat-back

frame using a band saw and the remaining weld material was ground flat. The seat-

back support panel was removed, trimmed, and reattached to accommodate the

force plate's volume.

jj1

- V\

Seat back cushion
support panel

Figure 2.28. Areas of seat-back modification

Four holes were drilled through the seat-back frame for the mounting of the force

plate. To ensure the proper position and orientation of these holes, a drill guide

was manufactured (Figure 2.29). The drill guide's external width and depth were

identical to those of the force plate. The drill guide was oriented to the desired

final position of the force plate and clamped in place. The 4 mounting holes were

drilled from the inside surface of the seat-back frame.
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Figure 2.29. Force plate mounting drill guide

2.4.15. Electrical equipment

In order for useful information to be gained from the force plate, electrical

hardware is needed for force transducer excitation, signal amplification, and signal

processing. Force transducers are measurement devices which, when a voltage is

applied to them, output a voltage signal whose magnitude varies proportionally to

the applied force. Force transducers require a voltage input, excitation, from an

external source. When a force transducer is excited, it outputs only a low level

voltage. This low level voltage must be amplified and transmitted to a data

acquisition card. The data acquisition card converts the amplified analog voltage to

a digital signal that can be stored and analyzed via a personal computer. The

system of electrical components used to support the force plate is outlined in

Figure 2.30. The data collection use of this system will be discussed in the test

methods, Section 3.1.
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boxes denote the physical



2.4.15.1. Force Transducer Excitation and Signal amplification

Four Sensotec Universal In-Line Transducer Model UV-10 Amplifiers

(Honeywell Sensotec, Columbus, OH) were selected for excitation of the four

force transducers and amplification of the returned signal. Force transducers output

oniy a low level signal even when fully loaded. The Futek's 2760 force transducer

selected for the force plate output 2 mV per Volt excitation when compressed by

their full load capacity, 2222 Newtons (500 lbf). The manufacturer suggests an

excitation of 10 Volts. The data acquisition card being used with the force plate

supports analog signals from -10 to 10 volts. Analog inline amplifiers are required

to boost the low amplitude signal to the appropriate level. Each force transducer is

provided 10 Volts excitation by the UV-l0. The returned 0 to 8 mV output signal

is amplified by the UV-l0 with a gain of approximately 1.25 V/mV. The amplified

signal is transmitted approximately 7.6 m (25 feet) to the data acquisition card via

4 RG-58 co-axial cables terminated with BNC connectors. The use of inline

amplifiers close to the force transducers increases the signal-to-noise ratio of the

transmitted signal.

The four transducer amplifiers necessary are housed in a small type 1 steel

enclosure (Hoffman Engineering, Anoka, MN) (Figure 2.31). The excitation

voltage and the unamplified signal travel between the force transducers and IJY- 10

amplifiers via the force transducers' supplied cables. Each force transducer cable

is permanently fixed to its respective force transducer at one end and terminated

with a 9-pin d-sub connector at the amplifier enclosure. Power is transmitted from

the power supply enclosure to the transducer amplification enclosure via a shielded

2 twisted pair cable terminated with 3 contact XLR connectors. Each of the three

signal types; power, amplified signal, and unamplified signal; were assigned a

different style connector to prevent the incorrect connection of cables and the

damage which could result. The four channels were differentiated via color and



numeric labeling to further prevent user error. Detailed drawings of the amplifier

enclosure can be found in Appendix E and Appendix F.

Figure 2.31. Four UV-lO signal amplifiers mounted into the steel amplifier
enclosure. Note the color/numerically coded d-sub connectors in the lower left of
the enclosure and the color/numerically coded BNC connectors in the lower right.

2.4.15.2. Power supply

Direct current (DC) power is supplied to the transducer amplification

enclosure by a separate power supply enclosure (Figure 2.32) positioned near the

Vicon unit. The position of the power supply prevents an alternating current (AC)

power cable from running parallel to the signal cables under the laboratory floor.

The investigator feared noise from the alternating current power cable could be

transmitted to the signal cables if they were run together. The power supply

enclosure houses a 24 Volt DC Sensotec AC to DC power module. The enclosure

is supplied AC power via a fuse protected power entry module (SPC Technology,

Chicago, IL). The DC power is protected from high current draws and short

circuiting by a fast acting fuse. The DC power exits the enclosure via an XLR

terminal. The power enclosure features a power indicating LED for convenience.

A detailed drawing of the power supply enclosure can be found in Appendix G.
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Figure 2.32. Power supply enclosure. Note (from left to right) the XLR DC outlet
terminal, DC fuse holder, and AC Power Inlet.

2.4.16. Shoulder bolt modification to reduce zero-shift

Binding in the shoulder bolt-bushing interface of force transducer 2 caused

zero-shifts between measurements. This zero-shift was reduced by increasing the

shoulder bolt-bushing clearance of force transducer 2. During initial testing the

output of the force plate did not return to a consistent unloaded output, or zero,

between measurements. Further testing revealed that the zero-shifts between

loadings were dependant on the previous loading location. Test results showed that

loadings near force transducer 2, the upper right force transducer, caused the

largest magnitude zero-shifts. It was hypothesized that the zero-shift was due to

binding in the shoulder bolt-bushing interface of the force transducer. This binding

was attributed to inadequate shoulder bolt and bushing position and size tolerance.

More simply, there likely was not enough clearance at the interface for unrestricted

translation of the shoulder bolt through the bushing.

To avoid the time consuming and costly reworking of the top plate and

bottom plate, the shoulder bolts were modified. To increase clearance at the

shoulder bolt-bushing interface of force transducer 2, 0.254 millimeters (0.01

inches) of material was removed from the shoulder diameter of this bolt. This

modification was found to be effective in the reduction of zero-shifts due to

binding (Section 4.3).
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2.4.17. Seat-back torsional flexibility and its effects on
measurement

The torsional flexibility of the seat-back notably affected the measured data

during pilot trials. The bottom plate is rigidly attached at its four corners to the

seat-back. The lightweight seat-back is very torsionally flexible due to its thin

walled tubular structure. Although the stiffness of the bottom plate reduces this

torsional flexibility to some extent, a notable amount of torsional flexion still

occurs with the force plate installed. This torsional flexion affects the top and

bottom plates differently. The top plate is not rigidly connected to the bottom

plate. The shoulder bolts, which are rigidly connected to the top plate, are free to

slide through the bottom plate bushings. This sliding allows the seat-back and the

bottom plate to flex, while the top plate remains rigid. Seat-back torsional flexion

increases and decreases preload in diagonal pairs of force transducers as shown in

Figure 2.33. During torsional flexion the force plate remains in static equilibrium,

therefore the preload of both force transducers in a diagonal pair changes an equal

amount.

AF1=LF3 AF=AF4 (4)

In addition, during torsional load, if the preload of one diagonal pair of force

transducers increases, the opposing pair will decrease by an equal amount.

AI =AF3 =AF2 (5)

During periods of low level seat-back torsion, the reduction in the

magnitude of preload is less then the preload force (Equation 6). The compressive

load of the preload springs is sufficient to maintain a compressive load on all the

force transducers. Due to the force plate's symmetrical design, these low levels of

force plate torsion do not affect the measured values of total force magnitude and

center of pressure location. The equations used in the calculation of total force

magnitude and center of pressure location are formulated such that the changing

magnitude of preload in diagonal pairs has no effect on the result of the

calculation. In extreme cases, the magnitude of seat-back torsion is sufficient to



overcome the compression of the preload springs. When the force transducers

completely lose their compressive preload, the canceling effect of the force plate

design is lost. Measurements made during periods of torsional flexion overload are

inaccurate.

SEATBACK
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Causing Seatback
Torsional Flexion

Decreased Increased
Preload Preload

F1 F2

FORCE
PLATE

F3 F4
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Preload Preload
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Figure 2.33. Seat-back torsional flexion causing increased and decreased force
transducer preload in diagonal pairs

Prior to the modification of the preload springs, the force plate was not

capable of accurately measuring the magnitude and locations of forces applied to it

during periods of seat-back torsional fiexion. Increasing the preload force

magnitude was effective in increasing the force plate's ability to endure seat-back

torsional flexion. The force plate was originally designed with 44.5 Newtons (10

lbf) of preload per force transducer. Although this preload was found to be

adequate for the purpose of center of pressure location, it was not sufficient under

seat-back torsional loading. Smalley Steel Ring Company (Lake Zurich, IL) was

contacted regarding the potential for manufacturing a dimensionally similar spring

with a larger working load. As an alternative to manufacturing new springs, a



Smalley engineer suggested interlacing a pair of the small working load springs

used in the original design to create a single higher working load spring (Figure

2.34). Four such springs were created. Interlacing the springs increased the

working height of the springs from 2.3 millimeters (0.092 inches) to 3.6

millimeters (0.142 inches). The shoulder bolts were subsequently modified to

accommodate the increased work height of the interlaced springs. The shoulder of

the bolts was lengthened by removing 1 .3 millimeters (0.051 inches) of material

from their head (Figure 2.34).

Installation of the interlaced springs and the associated shoulder bolts

increased the preload applied to each force transducer to 133.4 Newtons (30 lbf).

This 300% increase in preload was sufficient to prevent total load loss of force

transducer compression during most cases of seat-back torsional flexion.

Figure 2.34. Interlaced wave spring and associated modified shoulder bolt (left);
standard wave spring and shoulder bolt (right)
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3. TEST METHODS

3.1. TEST DATA COLLECTION SETUP

Two data collection configurations were used for data collection. One was

specifically designed for force plate test data collection and will be referred to as

the test data collection system throughout this text. The second configuration is the

data collection system which will be used for the transfer biomechanics study.

This system will be referred to as the transfer biomechanics study data collection

system.

The test data collection system consisted of a personal computer, National

Instruments (Austin, TX) PCI-M10-16E-4 Data Acquisition (DAQ) card, National

Instruments CB-69LP I/O terminal block, and National Instruments Lab View

(Figure 3.1). The output from the inline amplifiers was connected to the DAQ card

via the terminal block. Before each measurement was taken, the user input the

current nominal magnitude and location of the applied load into the LabView

control panel (Appendix H). When the user prompted Lab View to record a

measurement, the force plate's 4 channels were sampled at 200 Hz and the

samples from each channel were averaged separately over a period of 5 seconds. A

subprogram of the data collection program (Appendix J) could be utilized for cases

where immediate feedback was needed. The subprogram could also be prompted

to collect and display data continuously. This was useful during assembly of the

force plate and adjustment of the spring preload. During data collection, unless

otherwise specified, the force plate was placed on a rigid flat surface. Four

aluminum cylinders were placed between the rigid surface and the four corners of

the force plate. These aluminum cylinders prevented loading of the shoulder bolts

which protruded slightly from the bottom plate.
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Figure 3.1. Test data collection system layout
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The transfer biomechanics study data collection system consisted of a

personal computer, the Vicon 612 DataStation, the Vicon DataStation terminal

block, and Vicon Workstation software (Figure 2.30). The output of the inline

amplifiers was connected to the Vicon terminal block and recorded via the Vicon

612 DataStation. The data of the dynamic response test were collected at 3000 Hz

due to the high frequency of the oscillations being recorded. All other data using

this data collection system were collected at the sampling frequency of the transfer

biomechanics study, 600 Hz. Data collection was controlled via the Vicon

Workstation software. If data analysis beyond visual inspection was necessary,

tab-delimited files were generated and further processed using Excel (Microsoft

Corp., Redmond, WA) or Matlab (The MathWorks Inc., Natick, MA).

3.2. CALIB1t&TI0N

Shunt calibration of force transducers is often sufficient; however in the

specialized application of the seat-back force plate it was necessary to use direct

load calibration to fine-tune the calibration coefficients. The force transducers used

in the seat-back force plate output a voltage which reflects the force applied. The

voltage output of each force transducer is amplified before it is transmitted to the

DAQ card. Using shunt calibration, the gain factor of this amplification was set

such that the DAQ card would receive 10 volts when a force transducer was

experiencing 890 Newtons (200 lbf) of applied force. Ideally, the software would

simply multiply the voltage measured by the DAQ card by a factor of 89

Newtons/volt (20 lbf/volt) to convert the voltage received by the DAQ card to

force. In situations where force transducers will be loaded similarly to the manner

in which they were factory calibrated, this would be sufficient. For less typical

applications where unknown or uncontrollable factors such as friction and

deformation come into play, additional calibration is necessary. The design of the

force plate utilizes the force transducers in a manner which could cause such
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unknown and uncontrollable factors. Because of this, a direct load calibration

protocol was established and completed for the seat-back force plate.

250
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C
0

150
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0 50 100 150 200 250 300

X Position

Figure 3.2. Calibration loading locations

Location X (mm) Y (mm)

1 25.4 266.7

2 171.45 266.7

3 317.5 266.7

4 25.4 101.6

5 171.45 101.6

6 317.5 101.6

7 25.4 25.4

8 171.45 25.4

9 317.5 25.4

Steel weight plates with a nominal mass of 11.3 kilograms were used to

apply loads to the force plate during direct load calibration. The true mass of these

plates (Table 3.2) was measured using an Ohaus DS2OL Floor Scale (Ohaus

Corporation, Florham Park, NJ). The data required for the direct load calibration

was collected at nine locations distributed around the force plate (Figure 3.2) using

the previously discussed test data collection system. These nine locations were not

evenly distributed in the y-direction due to interference between the large steel

weight plates used to apply the loads and the tray table-simulating channel. The

nine locations were loaded in a randomly generated order with a sequence of loads

(Table 3.1). This sequence was applied three times to each location. Each load

location began and finished with a collection under no applied load, leading to a

total of 225 data points.



54

Table 3.1. Loading sequence for magnitude testing and calibration

Trial Nominal Mass Actual Mass Actual Force
(kg) (Ibm) (kg) (N)

1 0.00 0 0.00 0
2 11.34 25 11.50 112.7805

3 22.68 50 22.75 223 10925

4 34.02 75 34.70 3403029

5 45.36 100 46.35 45455445

6 34.02 75 34.70 340.3029

7 22.68 50 22.75 223 10925

8 11.34 25 11.50 112.7805

Table 3.2. Measured mass of weight plates used in calibration

Plate Mass (kg)
1 11.50

2 11.25

3 11.95

4 11.65

Calibration coefficients were calculated based on the data collected in the

protocol above. A linear regression was completed using Excel's Analysis

Toolpack. Equation 6 calculates the difference between the total force applied to

the plate and the measured force predicted by the force transducer voltage outputs

(V1 through V4) and their respective calibration coefficients (Ci through C4).

R = FAppijed + FPreload (C, . + c2 . v2 + v3 + . v) (6)

The linear regression minimized the sum of the squared residuals (R) calculated in

Equation 6 for the 225 trials. The final product of the linear regression was a set of

calibration coefficients which best fit the direct load calibration data. The quality

of this fit determines the ability of the force plate to accurately measure normal

force of varying magnitudes and positions. The specified magnitude accuracy

(Table 4.2) is the root mean square of all the linear regression residuals:
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R2
MagnitudeAccuracy (7)

3.3. CENTER OF PRESSURE LOCATION

The measured positions of concentrated loads were compared to their

actual position in order to test the accuracy of the center of pressure location

measurement. A fixture was developed to increase the experimenter's ability to

accurately apply a large load to a small area (Figure 3.3). The fixture was

constructed specifically for the purpose of this experiment from wood. The fixture

for center of pressure testing was used to concentrate the weight of 222 kilograms

(50 lbf) of steel plates onto an area approximately 6 mm ('/4 inch) in diameter. This

area was centered over the target loading position by the experimenter with an

accuracy of approximately ±1 millimeter (0.04 inch).

Figure 3.3. Center of pressure fixture

Single point loads were applied in two patterns as specified in Figure 3.4

and Figure 3.5. These two patterns were each completed in forward and reverse

order to reduce the effects of hysteresis. Data were collected at each point using

the previously discussed test data collection system.



Location X (mm) Y (mm)

1 25.4 266.7

2 171.45 266.7

3 317.5 266.7

4 317.5 146.05
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Figure 3.4. Center of Pressure Location Test Pattern 1
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Location X (mm) Y (mm)

1 25.4 266.7

2 25.4 146.05

3 25.4 25.4

4 171.45 25.4

5 171.45 146.05

6 171.45 266.7

7 317.5 266.7

8 317.5 146.05

9 317.5 25.4

10 317.5 146.05

11 317.5 266.7

12 171.45 266.7

13 171.45 146.05

14 171.45 25.4

15 25.4 25.4

16 25.4 146.05

17 25.4 266.7

Figure 3.5. Center of Pressure Location Test Pattern 2

Data were collected at each point. Residuals were calculated for both the x and y-

dimension at each measurement point (Equation 8 and 9).

R1 = X easured Xapplied (8)

R measured app1ied (9)
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The center of pressure accuracy specified in Table 4.2 is the root mean squares of

the residuals found in the protocol above:

n 2

COPAccuracy (JLu]
i=1

3.4. ZERO-SHIFT

(10)

The ability of the force plate to return to a consistent steady state between

subsequent loadings was measured before and after modifying the shoulder bolt

which passes through force transducer 2. Initial calibration data showed that the

unloaded output of the plate shifted between loading positions. Further

investigation showed that loading of the force plate near force transducer 2 caused

the most significant change. To quantify this observation, the following zero-shift

test protocol was completed before and after modifying the shoulder bolt which

passes through force transducer 2. The details of the modification are discussed in

Section 2.4.16. For each of ten trials, a load of 334 Newtons (75 lbf) was applied

at a specified position (Table 3.3). This load was removed and the output of the

unloaded plate was then collected using the previously discussed test data

collection system. It should be noted that the chosen loading positions focused on

changes that occured due to loading of force transducer 2; x, y = 318, 267. In this

manner, the test protocol tested the ability of the plate as a whole to return to a

steady state with an emphasis on force transducer 2.



Table 3.3. Zero-shift test loading positions

Trial Load (N) Loading Position (mm)
x V

1 334 25 267
2 334 318 267
3 334 318 25
4 334 25 25
5 334 318 25
6 334 318 267
7 334 25 267
8 334 318 267
9 334 318 25
10 334 318 267

3.5. SENSITIVITY TO SHEAR LOADING

The sensitivity of the device to shear loading was tested under both

constant shear-varying normal force and varying shear-constant normal force

conditions. Although significant shear loading is not expected, worst case loading

conditions were employed in testing.

The shear test setup consisted of a specially designed shear test fixture

(Figure 3.6), the previously discussed center of pressure fixture (D in Figure 3.6),

and the previously discussed test data collection system. The force plate was

connected to the fixture by four bolts which passed through two wooden rails into

the force plate's tapped mounting holes. A hook-like device was created from steel

sheet and attached to the force plate (Figure 3.7, C in Figure 3.6). This device

applied the shear force generated by an adjustable strap (B in Figure 3.6) to the

force plate in the negative x-direction, 146 millimeters (5.75 inches) away from

the origin in the y-direction. The magnitude of this shear force was measured using

a spring scale (A in Figure 3.6). The shear test fixture allowed shear force to be

applied to the force plate without reliance on friction. The normal force was

applied independently of the shear force by the previously constructed center of

pressure fixture at the center of the plate: (x, y) = (171, 146) millimeters ((6.75,



59

5.75) inches). The combination of the two fixtures allowed the experimenter to

recreate difficult loading conditions easily in a controlled environment.

Figure 3.6. Shear test fixture in use

Hook-like Device

Figure 3.7. Hook-like Shear Force Application Device

The varying shear-constant normal force test consisted of a constant

normal force of 222 Newtons (50 lbf) and a shear force cycling three times

through the values of 0, ill, 222, 111, and 0 Newtons (0, 25, 50, 25, and 0 lbf).



Data were collected at each loading point of the cycle. The force plate was loaded

with the highest theoretical shear force when both the shear and normal force were

equal to 222 Newtons (50 lbf). This condition can only exist when the coefficient

of friction is at its theoretical maximum of one. If the force plate performed

acceptably under these extreme shear-loading conditions, it was assumed that

shear forces which might occur during the transfer biomechanics study would not

be a concern.

The constant shear-varying normal force test consisted of a constant shear

of 236 Newtons (53 lbf) and a normal force cycling through values of 222, 334,

445, 334, and 222 Newtons (50, 75, 100, 75, 50 lbf) four times. Data were

collected at each loading point during the cycle. This test also attempted to subject

the force plate to the highest theoretical shear load based on the applied normal

force. Due to difficulties in finely adjusting the applied shear, the target shear force

of 222 Newtons (50 lbf) was exceeded. The shear force actually applied was larger

than theoretically possible. For a shear force of 236 Newtons (53 lbf) to occur with

only 222 (50 lbf) Newtons of normal force during the transfer biomechanics study,

a coefficient of friction of at least 1.06 would be required.

3.6. HYSTERESIS

Using the previously measured calibration data (Section 3.2), the hysteresis

of the force plate was analyzed. The data of 27 loading cycles (Table 3.4), spread

evenly over 9 locations (Figure 3.2), were inspected for signs of hysteresis. More

specifically, the data were inspected for a change in the input-output curve

between loading and unloading. The force plate was cycled through the loads

shown in Table 3.4. Data was captured at each load. The forces measured during

periods of increasing load were compared to the corresponding forces during

periods of decreasing load. The data of each load state, i.e. loading state 2 (Table

3.4), were averaged across the 27 cycles. The average measured force magnitude

of each decreasing load state was subtracted from that of the corresponding
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increasing load state, e.g. loading state 8 minus loading state 2. The magnitude of

this difference was reported as the effect of hysteresis.

Table 3.4. Hysteresis Loading Sequence

Loading State Nominal Force (N)
1 0

2 111

3 222

4 334

5 445

6 334

7 222

8 III
9 0

3.7. DYNAMIC RESPONSE

The dynamic response of the force plate system was tested by measuring

the output due to a single impulse to the center of the plate. The impulse input was

provided by the impact of a 455 gram (16 ounce) rubber mallet at the center of the

plate. The output of the force plate system was measured at 3000 Hz using the

previously discussed transfer biomechanics study data collection system. A total of

eight trials were completed.

The plate's dynamic response to the impulse was modeled using the

summation of a damped second order oscillation and a damped exponential.

Matlab (The MathWorks, Natick, MA) was employed to optimize models

consisting of one, two, and three damped second order oscillatory terms (Appendix

L). The model was optimized to best fit the data occurring before the fourth

oscillation peak (N=26 sampling points). This was done to ensure an optimal fit

for the cycles of largest magnitude. In all optimization cases; the natural

frequency, damping coefficient, maximum magnitude, and phase shift of each

second order equation was optimized. A satisfactory balance of accuracy and

complexity was found in a model consisting of two second order terms. One of the

two optimized terms modeled an extremely over-damped, low frequency
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oscillation. This term was further simplified into a damped exponential. The

general expression for the dynamic response of the force plate is:

Led _Seod &de7 _Tw
L2J'.ed o,gaa

+C3

(11)
Where:
V: Total voltage output of the force plate (V)

Time (s)
co: Natural frequency of the force plate (radls)

Phase shift (rad)
i: Dampening ratio of the damped second order term
2: Dampening ratio of the damped exponential term

C1: Constant dependent on the applied impulse magnitude
C2: Constant dependent on the applied impulse magnitude
C3: Constant summed voltage output due to the force transducer preload (V)

The model above was independently optimized for each of the eight trials.

The optimized frequency and damping coefficients for the eight trials were

combined using weighted averaging to create a universal model (Equation 14)

which describes the response to a typical impact. The averaging was weighted

inversely proportionally to the sum of the squared residuals. Weighted averaging

was used to put more importance on the models of trials which most accurately

portrayed the force plate's response. This average model will be able to more

accurately predict the behavior of typical experimental data than any of the

individual models.

38. IN-PLACE MAGNITUDE ACCURACY

In-place magnitude accuracy testing was completed in order to verify that

the force plate did not perform notably different when mounted. The aircraft seat

was bolted to the laboratory floor. The force plate was mounted to the aircraft seat.

A load of nominally 15 kilogram (147 Newtons, 33 lbf) was applied for an average

of 3 seconds using a hand dynamometer (Nicholas Manual Muscle Tester Model

01160, Lafayette Instruments, Lafayefte, IN). The loads were applied to the same
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nine locations used during center of pressure location testing (Figure 3.4). Each

location was loaded twice. The order of loading was randomly generated. The

hand dynamometer was held as perpendicular to the force plate as possible during

testing. The maximum magnitude measured by the hand dynamometer was

compared to the maximum magnitude collected from the force plate by the

previously discussed transfer biomechanics study data collection system. The

difference between these values was calculated. From this information, the root

mean squared value of all the differences was calculated.

3.9. PILOT TRANSFERS

Pilot transfers were completed with the force plate installed to confirm that

the force plate collected data as desired during actual transfers. Additionally, the

pilot transfers were completed in hopes of revealing weakness not considered in

previous testing. The force plate data were recorded using the previously discussed

transfer biomechanics study data collection system and following the transfer

biomechanics study's experimental protocol. One forward and one rearward

subject worked together to transfer an anthropometric dummy between a Columbia

aircraft aisle chair (Columbia Medical Mfg., LLC, Marina Del Rey, CA) and a

standard aircraft seat. Two dummies were used in testing. One dummy was the

height and mass of an average man (1.78 meter, 78.2 kilogram). The other dummy

was more typical of a woman (1.65 meter, 56.7 kilogram). Beyond general

qualitative observation of the force plate's performance, the data collected was

utilized in several ways. The decision to use a calibrated partial range of 0 to 890

Newtons (0 to 200 lbf) was validated by observing that the peak magnitude during

each transfer lay within the partial range. The force plate's susceptibility to errors

due to torsional loading was discovered during initial pilot transfers. The plate was

subsequently modified and the data from additional pilot transfers was used to

measure improvements.



4. TEST RESULTS

4.1. CALIBRATIoN

Table 4.1 lists the calculated calibration coefficients of the force plate.

These calibration coefficients are used to convert the voltage output of each load

cell into an equivalent force such that:

FjC1V (12)

The calibration coefficients use the same labeling convention as the force

transducers, i.e. calibration coefficient 1 applies to force transducer 1.

Table 4.1. Calibration Coefficients

Ci C2 C3 C4

si 87.562N1V 89.I15NN 85.181 N/V 88.989 N/V

English 19 685 lbf/V 20 034 Ibf/V 19 149 lbf/V 20 006 Ibf/V

4.2. DEVICE SPECIFICATION

Table 4.2 contains the final device specifications of the force plate. The

range specified below is the maximum mechanical range of the force plate based

on the capacity of the force transducers used. The calibrated partial range was

limited by gain settings of the force transducer amplifiers in an attempt to increase

the accuracy of the force plate within this limited range. The normal force

accuracy specified is the root-mean-square of the linear regression residuals from

the static calibration. The percent-ftill-scale accuracy specified is based on the

calibrated partial range of the plate. The details of the natural frequency results are

given in Section 4.5.
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Table 4.2. Device specifications

Specification SI English

Range 0 ... 2224 N 0 ... 500 Ibf

Calibrated Partial Range 0 ... 890 N 0 ... 200 Ibf

Dimensions (W x D x H) 343x292x41 mm 13.5x1 I .5x1 .63 in

Normal Force Accuracy 1.69 N RMS 0.381 Ibf RMS

0.19 %FS RMS 0.19 %FS RMS

Center of Pressure Accuracy x-Dimension (Horizontal) 2.66 mm RMS 0.105 in RMS

Center of Pressure Accuracy y-Dimension (Vertical) 1.58 mm RSM 0.062 in RMS

Natural Frequency 352.5 Hz 352.5 Hz

4.3. ZERO-SHIFT

The zero-shift test demonstrated that the modifications made to the force

plate were successful in the reduction of zero-shift. A normal force of 222

Newtons (50 lbf) was applied to and removed from the locations specified on the

x-axis of Figure 4.1. Data were collected while no load was applied to the force

plate, thus measuring its ability to return to a consistent steady state between

subsequent loadings. The graph's y-axis represents the measured output of the

sensors. Note the reduction of zero-shift in force transducer 2 after the shoulder

bolts were modified (Figure 4.1).



Newton

70

65

160

.55
50

45

40

i.1

Pound Force
16.8

N.

U)N

N. U) U) U) N. N.N N
Co '6 . Co
' N ' Co U) CoN

Location of applied force x, y (mm)

15.6

14.5
F1-post

13.4 F2-post

F3-post

12.3 x F4-post

FI-pre
11.2..... F2-pre

A- F3-pre
10.0 "-X-"F4-øre

8.9

7.8
N.

CO

Figure 4.1. Zero-shift due to binding in force transducer 2. Those trials labeled
with "post" were measured after modifications were made to reduce zero-shift.
Those trials labeled with "pre" were measured before modifications occurred.

4.4. SENSITIVITY TO SHEAR LOADING

The results of the shear tests demonstrate that even the largest theoretical

shear forces do not have a prohibitively large effect on normal force measurement.

Figure 4.2 is a plot of the error in the measured normal force as a function of shear

force applied in the force plate's x-direction. During testing, a constant normal

force of 222 Newtons (50 lbf) was applied at the center of the plate. The applied

shear load was cycled through the following discrete values: 0, ill, 222, and 111

Newtons (0, 25, 50, and 25 lbf). Three cycles were completed. The maximum error

in the measured normal force shown, -5.1 Newton (-0.20 lbf), corresponds to a

shear-to-normal force cross talk of -2.29%. This shear-to-normal cross talk was

calculated using Equation 13:

FMed FApplied
Cross talk F > (13)Shear

FShear
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Figure 4.2 shows that large magnitudes of shear force resulted in decreased

magnitude of the measured normal force.

0

C

I

£
a

Cycle 1

- - Cycle 2

- Cycle 3

III

Applied Shear Force (N)

222

Figure 4.2. Effects of varying horizontal shear on the measurement of a 222
Newton (50 ibI) normal force. The maximum error in the measured normal force
was found to be -5.1 Newtons. The arrows denote the load sequence direction.

Figure 4.3 is a plot of the error in normal force measurement due to a

constant shear of 236 Newtons (53 lbf) applied in the force plate's x-direction.

During testing the normal force was cycled through the following discrete values:

222, 334, 445, 334, and 222 Newtons (50, 75, 100, 75, 50 lbf). Four cycles were

completed. The maximum error in the measured normal force was -25.0 Newtons

(-5.62 lbf'). This corresponds to a shear-to-normal force crosstalk of-l0.6%. Figure

4.3 shows that the application of a constant shear force resulted in a negative error

in measured normal force.
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Figure 4.3. Effects of a constant 236 Newton (53 lbf) horizontal shear force on the
measurement of varying normal force. The maximum error in the measured
normal force was found to be -25.0 Newtons (-5.6 lbf). The arrows denote the load
sequence direction.

4.5. HYSTERESIS

The hysteresis analysis demonstrated that hysteresis is not a major concern

in the measurement of normal force magnitude. During testing the applied normal

force was cycled through the following discrete values: 0, 111, 222, 334, 445, 334,

222, 111, and 0 Newtons (0, 25, 50, 75, 100, 75, 50, 25, and 0 Newton). The

response of the force plate was averaged over 27 cycles. This average response

was plotted in Figure 4.4. Due to the small magnitude of the hysteresis, the

difference between the increasing force data series and the decreasing force data

series is not apparent. To better represent the hysteresis, the hysteresis magnitude



was also plotted. The effect of hysteresis was defined as: Fincreasing FDecrcasing. The

maximum effect of hysteresis was found to be 1.96 Newtons (0.441 lbf), 0.22

%FS.
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Figure 4.4. Average magnitude of hysteresis across 27 loading cycles. The
behavior of 27 loading cycles was averaged and plotted. Due to the small
magnitude of the hysteresis, the effect of the hysteresis (F Increasing FDccreasing) was

ploted separately. The vertical error bars of the hystereris data series represent ±1
standard deviation. The right scale pertains to the hysteresis. The left scale pertains
to the increasing and decreasing forces.

4.6. DYNAMIC RESPONSE

The dynamic response test demonstrated that the force plate responds to

applied forces quickly. The mounted force plate's dynamic response to a normal

impulse applied at the plate's center was measured. The resulting dynamic

response model behavior is summarized by the following equation:

V = C1 e°°712
Th3525, cos 2(352 .5W1 0.07122

2
+ )+ C, e

0.00224
+ C3

(14)
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The constants C1 and C2 in Equation 14 are dependent on the magnitude of the

impulse applied to the force plate. The constant C3 is the summed voltage output

of the force transducers at steady state due to the preload. The natural frequency of

the plate was found to be 352.5 Hertz, 2214 radls, with a damping ratio of 0.0712.

The time constant of the damped exponential portion of the model was found to be

2.2 milliseconds. Figure 4.5 shows that the dynamic response model accurately

simulates the behavior of the force plate over the first several cycles.
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Figure 4.5. The dynamic response model compared to the force plate's measured
response to a typical impulse.

4.7. IN-PLACE MAGNITUDE ACCURACY

The in-place magnitude accuracy test confirmed that the force plate is not

notably less accurate when installed in the airline seat-back. To validate the

measurement accuracy of the force plate after installation, a nominal force of 147

Newtons (33 lbf) was applied at 9 locations on the force plate using a hand

dynamometer. The maximum magnitude of force measured by the force plate was
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compared to the maximum magnitude measured by the dynamometer. The root-

mean-squared difference of the values was found to be 7.1 Newtons (1.60 lbf) or

0.8 %FS.

4.8. PILoT TRANSFER

The pilot transfer test showed that the force plate measures meaningful

information during a typical transfer. A transfer between the aisle chair and the

airline seat was completed and recorded. Figure 4.6 shows that the seat-back

normal force was measured and within the calibrated range throughout the

transfer. Figure 4.7 shows that the center of pressure was measured during the

period of transferor-seat-back contact. This center of pressure location remained

relatively stable, without sudden changes in location, as expected.
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Figure 4.6. The time-varying normal force measured during a typical transfer. The
measured normal force is displayed on the y-axis as a function of time on the x-
axis. Only the time period the transferor is in contact with the seat-back is shown.
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Figure 4.7. The time-varying center of pressure location measured during a typical
transfer. The center of pressure location is specified in units of length away from
the origin in Cartesian coordinates. The origin is located at the lower left corner of
the force plate. The x-direction is horizontal. The y-direction is vertical.



73

5. DISCUSSION OF TEST RESULTS

5.1. CALIBRATIoN

Although shunt calibration of force transducers is generally considered

sufficient, the results of the linear regression show that the additional direct load

calibration efforts were justified. The direct load calibration reduced the root mean

squared error in measured magnitude from 5.35 Newtons (1.20 lbf) to the reported

1.69 Newtons (0.3 80 lbf), a 68% reduction. Ideally all the calibration coefficients

(Table 4.1) calculated by the linear regression would be equal to the target

coefficient used during shunt calibration, 89 N/V (20 lbfIV). The deviation from

the target coefficient present in the direct load calibration results, as much as 3.819

N/V (0.859 lbf/V), could be attributed to numerous factors. One likely source of

error stems from the measurement of the shunt resistor's impedance. Any

inaccuracy present in this measurement will be passed directly on to the

subsequent inaccuracy of the shunt calibration. Additional error could be attributed

to friction at the bushing-shoulder bolt interface, deformation of the plate, or other

similar mechanical factors. Regardless of the source of the deviation away from

the target coefficient, the addition of the direct load calibration step corrected the

symptoms of the problem.

The measured normal force accuracy (Table 4.2) exceeded both the desired

and predicted level of accuracy. The desired maximum error, as specified in the

engineering requirements of Section 2.2.2, was ±2 %FS. This equates to a peak

error of ±17.8 Newtons (4.0 lbf). The error predicted from the manufacturer

specifications was ±19.53 Newtons (4.39 ibI) (Table 5.1). Both the root-mean-

squared error, ±1.69 Newtons (0.38 lbf), and the peak error, ±5.24 Newtons (1.18

lbf), in the measured magnitude of the normal force are far lower than expected. It

is difficult to pinpoint the source of this increased accuracy. Futek, the

manufacturer of the force transducers, suggested that it was not uncommon for the

true accuracy of their products to exceed the specified accuracy. The addition of
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the direct load calibration could also be a contributing factor to the increase in

accuracy. Bias errors that could have otherwise contributed to error were

eliminated by the direct load calibration of the completed force plate system.

Table 5.1. Force plate system uncertainty calculation based on manufacturers'
specifications

Device Type Uncertainty (±) Units Full Scale (N) Uncertainty (±N)

Load Cell Non-lineanty 0 50% %FS 2220 111

Hysteresis 0.50% %FS 2220 11.1

Non-repeatability 0.50% %FS 2220 11.1

Amplifier Linearity 0 02% %FS 890 0.178

Root Sum Square of Uncertainty 19.23

5.2. RANGE

The decision to calibrate the amplifier gains to 40 percent of the

mechanical range of the force plate and force transducers was supported by the

peak normal force magnitudes measured during pilot data collection. During 10

pilot data trials, the peak measured normal force was 333.8 Newtons (75.0). This

peak force corresponds to 38% of the calibrated partial range, allowing headroom

for potentially larger normal forces to be measured during data collection. The use

of this calibrated partial range decreases the level of uncertainty introduced by the

amplifiers, signal transmission, and data acquisition. For example, a 1% FS error

in a 2000 Newton (450 lbf) capacity system is 20 Newtons (4.5 lbf), while a 1%

FS error in a 1000 Newton (225 lbf) capacity system is only 10 Newtons (2.25

lbf). One might attempt to use this same logic to justify the use of lower capacity

force transducers. Unfortunately force transducers will be physically damaged by

overloading; the benefit of this increased accuracy does not outweigh the danger of

damage.
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5.3. DIMENSIONS

The final device dimensions (Table 4.2) conform to the original

dimensional constraints and allow proper function of the plate (Section 2.2.3). The

force plate effectively simulated the original geometry of the seat-back. The final

mounted position of the plate and of the channel simulating the tray table proved

appropriate during pilot testing. No knee/thigh seat-back contact was noted outside

the measurement area of the force plate.

5.4. CENTER OF PRESSURE LOCATION

It is important to note that the accuracy of the center of pressure (COP)

location is not a fixed quantity; it is a function of the applied normal force. The

horizontal and vertical COP location accuracy, 2.66 mm RMS and 1.58 mm RMS

respectively (Device Specifications, Table 4.2), were measured with 222 Newtons

(50 lbf) of applied normal force. The COP location is calculated by comparing the

forces measured by individual sensors (Section 2.4.7). The error in the forces

measured by the individual sensors becomes increasingly detrimental to the COP

calculation as the normal force magnitude approaches zero. Conversely, users of

the force plate can have increased confidence in the COP location as the applied

normal force increases.

Due to uncertainty in the experimenter's application of test load, the

accuracy of the center of pressure location may be better then previously stated.

During testing, the COP loading fixture was located by hand to the correct

position. Although every effort was made to load the force plate at exactly the

target location, error undoubtedly occurred. Precise location of 222 Newton (50

lbf) steel plates was extremely difficult, even with the specialized fixture. It was

thought that this error in location of the loading was a precision error, not a bias

error. This is an important distinction because bias error in a measurement device

can go unmeasured if the testing practices of the device have an equal bias error.

Any precision error in loading location will directly affect the measured accuracy
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of the device. The previously stated horizontal and vertical location accuracies do

not simply reflect the accuracy of the plate itself, but also the ability of the

experimenter to accurately position loads during testing.

5.5. ZERO-SHIFT

Decreasing the diameter of the shoulder bolt that passed through sensor 2

by 0.25 millimeters (0.01 inches) reduced zero-shift to acceptable limits. Figure

4.1 shows, for a range of center of pressure locations, the force plate's ability to

return to a consistent steady state when unloaded. The force plate was loaded at a

specific location, unloaded, and then data were collected. Sensor 2 consistently

performed the most poorly; with a variation in zero of 11.0 Newtons (2.47 lbf),

1.23 %FS, over the course of 11 trials. Following the slight modification of the

shoulder bolt passing through sensor 2, the maximum zero variation occurring in

the plate was reduced by 70.4% to 3.26 Newtons (0.73 3 lbf), 0.37 %FS. The zero-

shift was assumed to have been caused by binding in the bushing-shoulder bolt

interface. For more information regarding the modification of the shoulder bolt to

reduce binding, see Section 2.4.16.

5.6. SENSITIVITY TO SHEAR LOADING

The first test of shear measured the error in normal force measurement as a

result of varying shear force applied horizontally to the force plate. During the test,

a constant normal force of 222 Newtons (50 lbf) was applied to the center of the

plate. The shear load was subsequently varied. Figure 4.2 shows that a large shear

load applied horizontally, 222 Newtons (50 lbf), caused a decrease in measured

output. Over the course of the test, the largest error in measured normal force was -

5.1 Newtons (1 . 15 lbf), or -2.29% of the applied shear load. A small amount of

deformation in the shoulder bolts was caused by the shear loading (Figure 5.2). It

is hypothesized that this deformation created a ramping effect at the bushing-

shoulder bolt interface. In the deformed case below (Figure 5.1), the reaction force

occurring at the interface is no longer horizontal. The vertical component of this



force opposes the normal force applied to the surface of the plate, lowering the

magnitude of the measured normal force.
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Figure 5.1. Change in reaction force direction due to deformation

The second shear test measured the effect that a constant shear force of 236

Newtons (53 lbf), applied horizontally, had on varying normal forces. Figure 4.3

shows that the results of the first cycle of loading differs greatly from those of the

second, third, and fourth. This behavior is not fully understood. It is thought that

the force plate required a loading cycle to settle into the repeated behavior present

in the later three cycles. The data show that the magnitude of error is

approximately linearly related to the applied normal force, with a maximum error

magnitude of -25.0 Newtons (-5.62 Ibf). It is hypothesized that the constant shear

load caused binding in the bushing-shoulder bolt interface. This binding friction

force opposed the deflection of the force transducer and correspondingly lowered

the measured normal force. (Figure 5.2)



Figure 5.2. Defonnation due to shear force
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The results of the shear tests show that even the largest theoretical shear

forces do not have a prohibitively large effect on normal force measurement.

Nevertheless, initial investigation of the transfer biomechanics showed that large

shear forces to be expected (Section 2.2.2). The low coefficient of

friction between the transferor's clothing or skin and the force plate, estimated to

be less than 0.5, limits the potential for shear forces to be applied. The relatively

stable knee position typically seen during transfers further limits the potential for

shear forces. Despite the low levels of shear expected during transfers, the worst

theoretical loading case of friction-induced shear was employed during the first

shear sensitivity test. The shear force magnitude and normal force magnitude were

equal. This condition could only exist if the coefficient of friction was equal to

one, its theoretical maximum value. The shear sensitivity tests showed that even

with shear loading conditions much worse than expected during transfers, the force

plate continued to operate with acceptable accuracy.

5.7. HYSTERESIS

The hysteresis test demonstrated that the level of hysteresis present in the

force plate system is not a substantial concern. Figure 4.4 shows that the measured
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force is not visually different between the period of increasing force and the period

of decreasing force. The maximum effect of hysteresis, 0.22 %FS, is not sufficient

to raise concern.

5.8. DYNAMIC RESPONSE

The natural frequency measured during the dynamic response testing, 352

Hertz, is adequately high to accurately capture the high loading rates expected

during the transfers. It is critical that the force plate be able to accurately measure

the high loading rates which frequently occur in biomechanics. Rather than

attempting to quantify these loading rates directly, the more easily measured and

more common metric of frequency response was used to quantify the force plate

system's ability to perform under dynamic loads. The dynamic response of a

measurement device is limited by its frequency response. Of particular concern in

this case is the natural frequency of the force plate. If no other limitations existed

in the data collection system, the force plate would not be able to collect accurate

data near or above its natural frequency of 352 Hertz. In the case of the transfer

biomechanics study, other limitations do exist. The planned sampling rate for the

transfer biomechanics study is 600 Hertz. This sampling frequency has proved

itself sufficient in previous studies. Based on the Nyquist theorem, the highest

theoretical frequency that can be measured at this sampling rate is 300 Hertz. Thus

the sampling rate, not the natural frequency of the force plate, is the limiting factor

in signal measurement. The natural frequency of the seat-back force plate is not

only adequate for the purposes of the transfer biomechanics study, it is comparable

to the natural frequency of commercially available force plates (Table 5.2). This

includes the commercially available force plate used to capture ground reaction

forces in this study, the Bertec 4060-08-2000.



Table 5.2. Natural frequencies of commercially available force plates

Manufacturer Model
Natural Frequency - Normal

to plate surface (Hz)

Bertec 6012-15-4000 250

4060-08-2000 340

6090-15-4000 400

4060-10-2000 600

Kistler 9287B/BA 520

9281C/CA 1000

AMTI 0R6-7 1000 480

0R6-6 1000 900

5.9. IN-PLACE MAGNITUDE ACCURACY

In-place testing confirmed that the installed force plate's performance did

not differ notably from its unmounted bench top performance. A nominal force of

147 Newtons, 33 lbf, was applied at 9 locations using a hand dynamometer. The

results of this test showed that the root-mean-square error in the measured

magnitude of the normal force was 7.1 Newtons (1.6 lbf) or 0.8 %FS. However,

this error cannot be completely attributed to the inaccuracy of the installed force

plate. It is important to note that the resolution of the hand dynamometer used was

±0.1 kg. This uncertainty in the magnitude of the force applied by the hand

dynamometer was passed on to the previously specified force plate error.

Additionally, the direction that the force was applied to the force plate is critical.

The force plate was designed to only measure forces normal to its surface. If the

force applied was not normal to the surface of the force plate, additional error

would result.
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5.10. PILOT TRANSFERS

Pilot data collection confirmed that the installed force plate captured

meaningful data during transfers. The pilot transfers showed that contact occurred

between the force plate and the rear transferor in 6 of 10 trials. The magnitude of

the normal force applied to the plate during the transfers was within the calibrated

range of the plate. The center of pressure location remained relatively stable,

without sudden changes in location, as expected. Pilot transfers were valuable in

validating previously determined engineering requirements such as the external

dimensions, force capacity, natural frequency, and sampling rate.

The performance of pilot transfers also had the potential to reveal

previously unconsidered weaknesses in the force plate's design. The only major

finding which surfaced from the pilot transfers was the potential for torsional

loading of the seat, and the negative effect this torsion has on the force plate's data

collection. As Section 2.4.14 previously discussed in detail, torsional loads deflect

the base plate relative to the top plate, changing the distribution of preload

between the four force transducers. In cases of smaller torsional loads, loads are

redistributed in such a maimer that the total measured magnitude and center of

pressure location are not affected. However, in extreme cases, this deflection can

completely unload one or even two sensors. This complete loss of preload on the

sensors is detrimental and data collected during these periods are inaccurate. The

force transducer preloads were increased in an attempt to overcome this problem

(Section 2.4.14). These increased preloads increased the magnitude of torsion

required for overloading, but did not eliminate overloading in all pilot trials.



6. CONCLUSION

6.1. SUMMARY OF RESULTS

The researchers of the transfer biomechanics study could not measure all

the forces occurring between the rear transferor and the airline seat during the

transfer of an anthropometric dummy between an aircraft aisle chair and an airline

seat without additional specialized instrumentation. The seat-back force plate is a

measurement device that can increase the accuracy of the biomechanical model by

including these previously unknown forces. Unlike commercially available force

plates, the substantially less costly seat-back force plate can be easily integrated

into the original seat-back geometry. The seat-back force plate developed was

rigorously tested and found capable of accurately capturing the magnitude and

center of pressure locations of normal forces applied to its surface, as desired.

6.2. LIMITATION OF DESIGN AND SCOPE OF DATA COLLECTED

Although substantial effort was made to fully understand all aspects of the

seat-back force plate's application before design and manufacturing took place, not

every design need could be anticipated. The vulnerability of the seat-back force

plate to torsional loading was not foreseen. If this susceptibility had been

identified early in the design process, design provisions could have been made to

better address the problem. The modification made to the completed force plate

notably improved its performance during torsional loading conditions; but if future

work were to be undertaken in this or similar applications of force plates,

additional attention to torsional loading would be justified.

The force plate, as it was designed, is not capable of measuring the effects

of shear forces applied to its surface. Shear forces occurring in the seat-back

application were assumed to negligible. Additional attention in future research

could be directed towards investigating the presence of shear forces and their



implications. The additional complexity and cost of a device capable of measuring

both normal and shear forces may be justified in future work.
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APPENDICES



APPENDIX A. Estimated knee reaction force calculation

bE

Load applied to the rear transferor was estimated to be 79% of the passenger
weight.

FPASSEVGER = 765N .79% = 606N

The upper body mass was estimated to be 442 N.

'TRUNK = 442N

Summing the moments about the foot:

MFOOT =0 = (606NX40cm)+ (442NX19.75cm) (FEEX5Ocm)

FEE = 659N
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APPENDIX L. Matlab Code for Dynamic Response Model

Optimization

function [estimates, model] = fitcurve(xdata, ydata)

% Call fhiinsearch with a random starting point.

start_point = [2111 .6,0.07219,444.81,10.008,5.7868,-0.37859];

model = @expfun;

estimates = fininsearch(model, Start_point);

start_point

% expfun accepts curve parameters as inputs, and outputs sse,

% the sum of squares error for FittedCurve - ydata,

% and the FittedCurve. FMINSEARCH only needs sse, but we want to

% plot the FittedCurve at the end.

function [sse, FittedCurve] = expfun(params)

w = params(l);

lambda = params(2);

lambda2 = params(3);

maxmagl = params(4);

maxmag2 = params(5);

phi = params(6);

FittedCurve = maxmag 1 *exp(Aambda*w*xdata). *cos((w*( 1-

(lambda)"2)'\ 5)*xdata+phi)+maxmag2 *exp(..lambda2 *xdata)+6.305;

ErrorVector = FittedCurve - ydata;

sse = sum(ErrorVector .' 2);

end

end




