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ABSTRACT 

This study examines the uses of intravenous pumps and 

some of the limitations of pumps. A complete specification 

including performance requirements for a cost effective 

infusion system is provided along with a determination of 

the requirement for each stage of the system. 

The critical part of the system was determined to be 

a flow measurement device and this paper presents a 

feasibility study of a proposed flow measurement device. 

Measurements were done by continuously weighing the fluid 

reservoir with a load cell and determining flow from the 

changes in weight. Accuracy, repeatability, stability and 

linearity were tested in the laboratory. Error was less 

than five percent at all flow rates exceeding 60 milliliters 

per hour with a maximum long term absolute error of + 3 ml. 

We believe that this technique is a promising 

alternative technology for intravenous therapy that would be 

significantly less expensive than existing methods. 

viii 



CHAPTER 1 

INTRODUCTION 

Intravenous therapy is a means by which fluids are 

injected into the blood stream. Fluids may be injected at 

widely varying rates into various anatomical locations. The 

first intravenous therapy, attempted in 1818, consisted of a 

blood transfusion; fortunately, both parties involved lived 

(Wildsmith, 1978). It is remarkable that both parties lived 

because in 1818 physicians were not aware of the dangers in 

mixing blood types or of the risks or causes of infection. 

Transfusions attempted after 1818 proved to be rather 

hazardous to the well being of the patient so the practice 

of transfusions was not widespread. In 1901 Landsteiner 

discovered blood groups; in 1915 Lewisohn developed a method 

of preventing blood coagulation and in 1932 Siebert dis

covered fever causing substances in distilled water 

(Wildsmith, 1978). The accumulation of knowledge concerning 

infection, blood and blood types made blood transfusions 

much more beneficial to the patient and made intravenous 

therapy a widespread, acceptable therapeutic tool. 

Not all intravenous therapies involve continuous 

injection of fluid but all involve some degree of control on 

the rate at which fluid is injected. Most intravenous, or 

1 



2 

parenteral, therapies are not compromised by the lack of 

precise control of the injection rate; for these 

applications flow rate control is accomplished by clamping 

the tubing connecting the fluid reservoir to the patient 

(Emergency Care Research Institute, 1979). This technique 

requires continual monitoring by the attending nurse since 

the flow rate may vary considerably or stop (Flack, 1974). 

The Uses of Intravenous Therapy 

Many applications of intravenous therapy demand a 

precise control of the rate at which the fluid is injected. 

Therapies, such as parenteral nutrition, were greatly 

enhanced by infusion pumps and physicians were reluctant to 

proceed without them (Robinson, 1977). Another intravenous 

therapy, chemotherapy, involves the poisoning of neoplastic 

tissue and has been found to be optimally effective when the 

poison is administered at fixed rates (Bottino, 1979). 

Hyperalimentation, a particular type of parenteral 

nutrition, involves injecting solutions containing 30 to 50 

grams per liter hydrolyzed protein and 800 to 1000 carbo

hydrate calories per liter (Emergency Care Research 

Institute, 1972). These nutrients must be injected into 

large veins, they irritate the lining of smaller veins due 

to their high concentration, and supply all the metabolic 

needs of the body (Solassol, 1976). Since effective hyper

alimentation therapy requires the injection of fluids at 
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nearly the upper limit of a patients fluid intake capacity 

strict control of the fluid flow rate must be obtained 

(Emergency Care Research Institute, 1972). 

An application of intravenous therapy, the artificial 

pancreas, injects insulin into the blood stream at preset 

times or in response to a rise in blood sugar (Sefton, 

1979). In this application the intravenous flow controller 

must function as a programmable syringe, injecting one 

milliliter of insulin per hour, or less, depending on the 

insulin demand or the program controlling the device 

(Bojsen, 1978; Klein, 1980). 

Another use of intravenous therapy is found in 

inducing labor. The drug administration rate is controlled 

by information obtained from monitoring the contractions of 

the uterus. The dose of oxytocin, a stimulant, is selected 

to facilitate the optimum level of uterine activity (Carter, 

1980). 

In cases where a person is severely burned the 

maintenance of the body's electrolyte balance is very 

important, as is hyperalimentation therapy (Banssillon, 

1975). The burned patient must receive large quantities of 

fluids containing nutrients but the fluid must not worsen 

the interstitial edema or hypovolemia that may be present. 

The optimal treatment of the burned patient requires tight 

control of the rate at which the fluid is injected 

(Banssillon, 1975). 
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Intravenous therapy also involves the administration 

of fluids that are too viscous to flow at clinically 

desirable rates unless some sort of pump is used (Emergency 

Care Research Institute, 1979). Hyperalimentation therapy, 

for example, uses fluids that are much more viscous than 

water. 

The Need for Intravenous Flow Controllers 

As intravenous therapy advanced it became clear that 

the existing methods of controlling intravenous flow rates 

were inadequate. The maintenance of intravenous flow rates 

by the re-adjustment of a clamp on the intravenous tubing 

was difficult at best since the flow rate of an intravenous 

fluid is determined more by the venous pressure of the 

patient than the fluidic resistance of the intravenous 

tubing (Flack, 1974). Venous pressure of a patient changes 

as he changes position so clamping the intravenous tubing 

had little effect on predicting the fluid flow rate except 

in cases where the patient did not move. It has also been 

found that the fluid flow rate of intravenous fluids changes 

as the amount of fluid in the reservoir changes and that the 

resistance to the fluid flow of the clamped intravenous line 

changes as the plastic tubing conforms to the clamp (Flack, 

1974). 
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Since there are so many variables in determining the 

fluid flow rate, accurate flow rate control would nearly 

require the full time attention of a member of the hospital 

staff. Such a utilization of manpower was averted by the 

invention of the accurate infusion pump or controller. 

These devices control the rate at which fluid is injected in 

the bloodstream. 
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Figure 1. An Intravenous therapy with Pump. Drip chambers 
are often included, even when pumps are used and 
they are not required. 



CHAPTER 2 

INTRAVENOUS FLOW CONTROL DEVICES 

Intravenous pumps gained widespread popularity in the 

health care field in the early 1970's. Devices marketed in 

the early years of intravenous, or infusion, pumps are 

inferior, in many ways, to the devices sold today. Despite 

the limitations of the early infusion pumps they were used 

extensively. The early devices have been made to look 

hazardous in comparison to more modern devices and with one 

exception, vanished from the market (Emergency Care Research 

Institute, 1979). 

The first intravenous flow control device was the 

roller clamp. This device would restrict the fluid by 

occluding the intravenous tubing. The nursing staff would 

then increase or decrease the flow rate by adjusting the 

clamp. This mechanism of flow rate control formed the basis 

for one of the first controller type intravenous flow 

control devices. Such devices, though currently not thought 

of as infusion pumps, are in hospitals, perhaps being used 

in intravenous therapy as a replacement for an intravenous 

pump. 

7 
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Infusion pumps are devices that force fluid into the 

patient. These devices may be categorized as linear peri

staltic, rotary peristaltic or volumetric. Some 

manufacturers of linear peristaltic pumps use a drop counter 

as a feedback mechanism to determine flow rate while other 

manufacturers rely on the pumping chamber's ability to pump 

a known stroke volume. Infusion pumps are considerably more 

accurate than controllers and are quickly becoming the only 

type of intravenous flow regulation device used when flow 

accuracy is important (Emergency Care Research Institute, 

1979). 

Flow Controllers 

Flow controllers were the first form of intravenous 

flow regulation. Controllers consist of a flow restriction 

device, such as a roller clamp, and a feedback mechanism. 

The feedback mechanism may have been the nurse noting how 

much fluid left the bag over a given time period and 

adjusting the roller clamp accordingly or a machine opti

cally sensing the number of drops that fell through a drop 

chamber, knowing the number of drops per milliliter, and 

continuously adjusting the resistance of the intravenous 

tubing. Requiring the nursing staff to adjust the 

restriction device to achieve flow rate accuracy has been 
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found to be satisfactory by some (Ireland, 1979) but the 

trend in achieving flow rate accuracy has been through the 

use of automatic machinery. 

Some flow control devices required the nursing staff 

to set the flow rate in drops per minute. The relationship 

between the volume of the drop and one milliliter of fluid 

was determined by the type of drop chamber used. Since the 

various applications of intravenous therapy require widely 

different flow rates, drop chambers were manufactured to 

produce between 10 drops per milliliter and 60 drops per 

milliliter. The 60 drop per milliliter drop chamber was 

used when small volumes of fluid, generally under 10 

milliliters, were to be infused per hour. The dominate 

factor in determining the drop's volume was the nozzle the 

drop fell from. 

There are drop chambers that produce 10, 12, 19, and 

60 drops per milliliter. The various chambers are required 

for the wide range of desired flow rates. A 60 drop per 

milliliter nozzle produces good flow rate resolution at low 

rates but produces a steady stream at high flow rates. 

Unfortunately, controllers could not determine what type 

drop chamber was used. Drop counting flow controllers 

required the operator to compensate for the type of drop 

chamber used by computing the number of drops per minute 
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required for a given flow rate and entering the result to 

the machine. This characteristic introduced a possible 

human error. 

One of the fundamental assumptions made by the drop 

counting controller is that the drop volume was constant. 

Even if an assumption is made that all 10 drop per 

milliliter nozzles produce 10 drops per milliliter under 

some clinical condition research has shown that conditions 

affecting drop volume change enough during the time the 

fluid leaves the reservoir to compromise the accuracy of the 

controller (LeCour, 1974). Perhaps the most obvious 

changing condition is the pressure head, created by the 

reservoir, decreasing as fluid leaves the reservoir. Since 

the controller did not compensate for the changing condi

tions of the system drop counting controllers were found to 

be less accurate than advertised (Emergency Care Research 

Institute, 1979). 

Another type of controller works on the principles of 

supplying non-linear flow restrictors to the flow of intra

venous fluid. The restrictors can be constructed of 

hydrophilic polyurethane foam (Sefton, 1979) or elaborate 

mechanical resistance elements (Laufer, 1979; Rithalia, 

1979; Abinader, 1978). These devices are not as accurate as 

modern volumetric infusion pumps nor are they widely used, 

and will not be discussed further (Laufer, 1979). 
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Another controller type intravenous flow device is 

the negator pump. This device attempts to compensate for 

the change in flow rate through a fixed orifice, such as a 

roller clamp, due to variations in fluid pressures on both 

sides of the orifice and therefore maintain a constant flow 

rate (Hargest, 1974). This device has not been well 

received as an intravenous therapy aid on a national basis 

and will not be discussed further. 

Studies have shown that the dominate factor in the 

determination of the flow rate of an intravenous fluid is 

the venous pressure of the patient (Flack, 1974). Since the 

back pressure created by the patient could shut off the flow 

it would be impossible for a controller type device, unable 

to overcome distal pressure variations, to deliver intra

venous fluid at the desired rate under all normal clinical 

conditions (Flack, 1974). Because controllers can allow 

fluid flow to cease complications can arise in the therapy. 

When fluid flow stops blood can enter the tubing, causing 

thrombosis (Wilmore, 1971). Thrombosis is the partial 

clotting of blood and can cause the intravenous needle to 

become blocked, requiring the restarting of the fluid and 

presents a danger of blood clots entering the bloodstream. 

Intravenous flow stoppage is a great nuisance to nurses and, 

perhaps, contributed to the acceptance of the infusion pump 

which reduce the possibility of a flow stoppage (Wilmore, 

1971). 
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Infusion Pumps 

In todays hospital there is a trend toward using the 

infusion pump as the sole means of controlling intravenous 

flow rates when flow rate accuracy is important. There are 

three major types of infusion pumps, they are syringe pumps, 

volumetric pumps, and peristaltic pumps. Syringe pumps are 

used in applications requiring precise control of fluid flow 

at low flow rates and low total fluid volume infused. 

Typical examples of a syringe pump application would be when 

a new born is the patient or when insulin is to be injected. 

Syringe pumps should not be used in applications involving 

more fluid than can be accomodated in the syringe; this 

limitation is incurred because the sterility of the syringe 

is not guaranteed after the first use (Emergency Care 

Research Institute, 1972). The syringe pump is somewhat of 

a specialty item, and does not meet the specifications of an 

infusion pump or intravenous controller, as defined in 

Chapter 4. 

Peristaltic pumps work on the principle of forcing 

fluid through the intravenous tubing by clamping the tubing 

at some point then rolling the clamp toward the patient as 

indicated in Figure 2 (Emergency Care Research Institute, 

1972). Pumps used in artificial hearts and kidney dialysis 

machines, as well as infusion pumps, use this principle. 

This type of pump is generally acceptable as an infusion 

pump and has one limitation. To achieve consistent results 



13 

Figure 2. Methods of Peristaltic Pumping used in Infusion 
Pumps. 
A) Rotary peristaltic using a roller clamp. 
B) Rotary peristaltic using a wobble plate. 
C) Linear Peristaltic, small rollers move in the 

direction of flow. 
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the pump requires the use of silicone rubber intravenous 

tubing. Normal intravenous tubing collapses after being 

compressed several times causing a change in the volume 

ejected per compression (Emergency Care Research Institute, 

1972). One pump supplier corrects for the change in the 

stroke volume of the intravenous tubing by counting the 

drops of intravenous fluid that fall through a drop chamber; 

this method is inferior to other techniques because drop 

volume changes as the level of fluid in the reservoir 

changes, drop volume is affected by temperature, and drop 

volume is determined by the specific gravity of the fluid 

(Flack, 1974; LeCour, 1974). 

The drop sensing device does not compensate for 

changes in drop volume. Peristaltic pumps that require the 

use of a special silicone section of tubing are in use but 

are not as accurate as the volumetric pump (Emergency Care 

Research Institute, 1979). However, recent literature 

praises the peristaltic pump as a quite acceptable means of 

controlling the flow rate of intravenous fluid (Bisera, 

1976). 

The volumetric pump is without doubt the infusion 

pump of choice in applications requiring high flow rate 

accuracy (Kitrenos, 1979). These pumps operated by filling 

a chamber of known volume with fluid and then injecting a 

precisely determined amount of that fluid into the patient. 

This type of pump requires the use of a pumping chamber 
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that, for reasons of infection control, is a disposable 

item. Typically, the pumping chamber consists of a piston, 

driven up and down by the pump, an inlet valve, and an 

outlet valve. The pump forces the piston up and down at a 

rate that causes fluid to be injected into the patient at 

the desired rate. These devices can provide fluid flow 

rates from one milliliter per hour to one thousand milli

liters per hour with a flow rate error of less than two 

percent. They are unaffected by fluid viscosity, specific 

gravity and temperature. These devices represent the state 

of the art in intravenous flow control. Manufacturers of 

these devices are listed in Appendix B. A recent evaluation 

of most of the pumps is presented in Health Devices, Volume 

8, March-April 1979. 



CHAPTER 3 

SHORTCOMINGS OF INFUSION PUMPS 

As previously mentioned, the infusion pumps sold 

today are a much more refined product than the pumps and 

controllers sold in the early seventies. Many of the 

refinements to infusion pumps came as the manufacturers 

responded to existing infusion pumps creating health hazards 

(Emergency Care Research Institute, 1978). It seems 

unlikely that a patient's death might have been caused by an 

infusion pump malfunction but such incidents have occurred 

(Abernathy, 1979). Some of the malfunctions of an infusion 

pump, causing serious injury or death, were caused by human 

error, some were caused by a design shortcoming in the pump, 

and some may have been caused by component failure 

(Abernathy, 1979; Emergency Care Research Institute, 1978). 

Whatever the cause of an infusion pump malfunction the 

liability is ultimately the pump's. A hospital nursing 

staff will eagerly await the arrival of a device that works 

and will try to permanently loan devices that do not work to 

another department (Robinson, 1977). 

A device works, from a nursing viewpoint, when the 

intravenous therapy is successfully completed. Since 

infusion pump malfunctions may be caused by human errors a 

16 
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properly designed pump will anticipate such errors and 

compensate for them. The more advanced infusion pumps 

attempt to insure that the proper amount of fluid will be 

successfully infused or they will alarm and limit the flow 

rate to about 3 milliliters per hour, just enough to keep 

the intravenous line open to the vein (Emergency Care 

Research Institute, 1979). 

Infusion pumps have added a previously unknown 

dimension to intravenous therapy by controlling fluid flow 

rates, unfortunately, they have accomplished this at a 

significant cost. Though the cost of an infusion pump may 

be easily affordable by most hospitals each application of 

that pump might, and probably does, require a cartridge or a 

special length of tubing. Since these disposable items come 

in direct contact with the sterile intravenous fluid and are 

initially sterile they are not reused. It is common 

practice to change the cartridge each time the administra

tion set is changed. The cost of the cartridges for a 

year's use of one infusion pump may be as high as the cost 

of the pump (Emergency Care Research Institute, 1979). 

Three years of operation may cost a hospital over $6000 per 

pump. Since one of the objectives of this study is to 

propose an intravenous control device that is generally more 

desirable than anything currently available, a detailed 

discussion of the shortcomings of current infusion control 

devices is called for. 
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The first problem encountered with infusion control 

is flow rate inaccuracy. One would think that the modern 

volumetric infusion pump would not be troubled with this 

problem; unfortunately, even the most modern infusion 

control device occasionally infuses the wrong amount of 

fluid in some given time. Perhaps the most prevalent error 

is human error. Human errors may be categorized as one or 

more of the following: (a) the flow rate, or volume to be 

infused, was set incorrectly at the beginning of the 

therapy, (b) someone tampered with the infusion control 

device during the course of the therapy, (c) the infusion 

control device was not set up properly, (d) adequate fluid 

did not exist in the reservoir to allow completion of the 

infusion, or (e) the intravenous tubing was occluded. 

Modern, expensive, infusion pumps have tried to solve 

the problem of incorrect set up by the use of microproces

sors and alphanumeric displays. These devices indicate what 

flow rate the machine will achieve and how much fluid is to 

be injected. This feature, no doubt, seems trivial to many, 

as evidenced by the fact that only one or two infusion pumps 

currently available have this feature, but is greatly appre

ciated by the nurses who must use infusion pumps (Emergency 

Care Research Institute, 1979). 

Unauthorized tampering with the infusion pump is 

always a potential source of error (Robinson, 1977). 

Hospitals tend to be uncontrolled environments in that the 
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hospital staff has no control over who enters the hospital. 

Infusion pumps are easily tampered with so a source of error 

may come from visitors and hospital staff who are not 

authorized to use the machine. This problem can be solved 

by having an intelligent infusion control device. Such a 

device requires the use of a key to access the controls of 

the machine. 

When the infusion pump is not set up properly it is 

difficult for any machine to detect all possible errors. 

Some infusion pumps can detect errors in the application of 

the intravenous pump better than others and some detect 

different types of errors. An infusion pump that counts 

drops may detect the obstruction of the fluid pathway, or an 

empty reservoir, since flow will stop and no drops will fall 

past the drop sensor. Some pumps have optical devices that 

detect air in the intravenous tubing. These devices will 

alarm when the fluid reservoir is empty and the air in the 

reservoir is being pumped into the patient. No pump 

currently available will alarm when the fluid infused 

exceeds the amount desired due to a flow rate error of the 

device unless the fluid in the reservoir is completely 

infused. With the exception of the drop counting infusion 

pumps all infusion pumps are open loop devices, there is no 

way for the pump to determine it is infusing at the wrong 

rate. 
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Health Problems 

When an infusion pump runs out of fluid it will pump 

air; if enough air enters the bloodstream it can be fatal 

(Abernathy, 1979). Most infusion pumps have air detectors 

available as options, or as standard equipment, and the 

detectors are generally acceptable. There are ways the air 

bubble detection devices can be defeated but such techniques 

are the result of a mis-application of the device and are 

being identified and eliminated by the medical profession 

(Abernathy, 1979). 

Occlusion of the tubing carrying the intravenous 

fluid can result in a variety of ways, such as a kink in the 

tubing. The means by which the tubing becomes occluded is 

not important except to say that the tubing is not occluded 

by a design deficiency of the infusion pump. When the 

tubing is occluded most likely the restriction occurs distal 

to the pump. When such an occlusion occurs the pump will 

continue to pump, building up pressure in the intravenous 

tubing until the maximum pressure attainable by the pump is 

reached, the obstruction is removed or the tubing, or some 

intravenous fitting, bursts. Pressure increases in the 

tubing distal to the intravenous pump are medically undesi

rable, sometimes lethal, and not adequately avoided by any 

commercially available infusion control device (Emergency 

Care Research Institute, 1972; Emergency Care Research 

Institute, 1978; Karis, 1979). 
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One of the problems encountered in intravenous 

therapy that are not associated with human error is 

interstitial edema caused by the extravasation of the 

intravenous fluid. In therapies where an arm or leg 

furnishes the catheterized vein such extravasation results 

in a painful edema and possibly, in severe cases, the need 

for plastic surgery. In therapies, mostly hyperalimentation 

therapy, where major vessels are used, such as the vena 

cava, extravasation results in elevated mediastinal pressure 

and respiratory distress; cardiac arrest may develop as a 

result of mediastinal extravasation (Ayalon, 1978). 

Extravasation is an unavoidable occurrence in intravenous 

therapy, what makes extravasation dangerous, or perhaps 

lethal, is the ability of the infusion pump to pump fluid 

into the tissue against the ever rising pressure of the 

tissue. This problem is recognized by manufacturers of 

infusion pumps and devices exist for the detection and 

prevention of serious tissue trama from fluid extravasation. 

Unfortunately, such devices work by noting a rise in the 

temperature of the skin at the site of the catheter and 

offer no protection against mediastinal extravasation. The 

potential of lethal extravasation when major veins are used 

is virtually eliminated when the infusion pump cannot 

develop a fluid pressure in the intravenous tubing greater 

than a standard gravity fed system. Since all infusion 
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pumps generate an objectionable distal pressures a signifi

cant health hazard exists (Monahan, 1972). Some clinicians 

feel that infusion pumps should not be used in therapies 

involving central veins (Ayalon, 1978). 

Mediastinal extravasation is especially harmful in 

neonates, infants and the unconscious where extravasation 

affects a larger percentage of the patients body or may 

occur without the patient alarming the nursing staff. 

A problem that occurs primarily with the peristaltic 

infusion pumps, which generate higher pressures than volu

metric infusion pumps, is the bolus injection of a drug 

following the occlusion of the intravenous tubing. The drug 

injection takes place when the occlusion is cleared since 

the tubing proximal to the occlusion is under a high 

pressure and may be slightly expanded. When the occlusion 

is removed fluid quickly enters the patient, perhaps causing 

a drug overdose that may pose a serious health threat 

(Karis, 1979). The unwanted injection of fluid is actually 

facilitated by the alarm the pump gives signalling a no flow 

condition. The attending nurse realizes the nature of the 

alarm and acts to clear the obstruction without relieving 

the pressure in the intravenous tubing, injecting the 

patient with a bolus of intravenous fluid. A sensable 

course of action for the pump to follow would be to attempt 

the de-pressurization of the tubing before the alarm was 

given. 
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Infusion pumps occasionally create air bubbles in the 

intravenous tubing. This health hazard, as previously 

stated, has been effectively detected by optical bubble 

sensors but all infusion pumps do not have air bubble 

detectors. The need for air bubble detectors or traps is 

undeniable and should be included in all infusion pumps and 

intravenous administration sets. 

Air in an intravenous line is initially removed by 

the nurse setting up the intravenous therapy and under 

normal conditions will not enter the line until the fluid 

reservoir is empty. Pumps, however, create positive and 

negative pressures, with respect to atmospheric, and may 

dislodge an air bubble undetected by the nurse (Abernathy, 

1979). If the pressures created by the pump are great 

enough the pump will actually cause air to enter the tubing 

through fittings or perhaps, the pumping chamber. It is the 

opinion of the author that there is a design flaw in an 

infusion pump if the pump can create pressures great enough 

to create leaks in the tubing. Some peristaltic pumps can 

create tubing pressures of 110 pounds per square inch if the 

tubing distal to the pump becomes blocked (Emergency Care 

Research Institute, 1972). Such pressures are a health 

hazard (Ayalon, 1978). 

Another problem with infusion pumps concerns the 

contamination of the intravenous fluid. Items used in 

intravenous therapy are sterile so the pumping chamber, or 
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any part of the infusion pump that comes in direct contact 

with the intravenous fluid must be sterile. Sterile 

techniques are well understood by nurses so the use of 

infusion pumps does not present a significant danger of 

infection. What is undesirable is the cost of controlling 

the sterility of one more potential source of infection. 

Since pumping chambers are not reused, each time a pumping 

chamber is changed as much as eight dollars, 1977 prices, is 

thrown away (Robinson, 1977). 

The most common problem with infusion control devices 

is accuracy. It is generally accepted that volumetric 

infusion pumps are acceptably accurate, delivering fluid at 

a flow rate within two percent of the desired flow rate 

(Robinson, 1977; Emergency Care Research Institute, 1979). 

Peristaltic pumps that deliver fluid at a drops per minute 

basis are thought to be less accurate than volumetric 

infusion pumps (Robinson, 1977). Robinson reported the 

findings and preferences of the nurses who used the pumps. 

Bisera reported that, in clincial and laboratory studies, 

the peristaltic pump delivered fluid within two percent of 

the desired rate. The only difference between the pump 

Bisera used and the commerically available pump is the 

absence of the drop counter in Bisera's pump (Bisera, 1976). 

Bisera's pump was controlled by a mechanism other than a 

drop counter based flow measurement device. The work done 

by Bisera and the report of Robinson seem to indicate the 
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drop counting technique of flow control is causing peri

staltic pumps to be inaccurate, or nurses do not convert 

drops per minute to milliliters per hour within two percent. 

When making statements about infusion pumps one must 

exercise a good deal of tact. Some nurses have become quite 

familiar with a peristaltic infusion pump and use it without 

any complaints. The author has observed drop counting 

peristaltic infusion pumps in use with hours old babies; he 

has also witnessed a nurse's discourse on the many virtues 

of throwing peristaltic pumps in the trash. If a peristal

tic pump is used in an environment where the nurse has time 

to monitor the progress of the therapy and correct the 

errors of the pump, if any, before they become serious any 

pump, or even a roller clamp, will function satisfactorily 

(Ireland, 1979). Roller clamps require more adjustments 

than peristaltic pumps; peristaltic pumps require more 

adjustments than volumetric pumps (Ireland, 1979) so a 

nurse's preference seems to be with the device that causes 

her less work, which is certainly reasonable (Robinson, 

1977). 

Economic Problems 

In today's world of rising health care costs many 

people are greatly concerned about the possibility of 

personal financial disaster from an illness or injury. In 

parts of this country and in most of the rest of the world. 
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state of the art medical care is either not available or 

available to very few. Obviously, it has become desirable 

to reduce the costs of medical care. The volumetric 

infusion pump adds millions of dollars to the cost of 

hospital care not because of the cost of the pump but 

because of the cost of the pumping chambers. If one assumes 

that a hospital will utilize two-thirds of the infusion 

pumps it has and that the pumping chamber will be changed 

every day the cost of operating ten infusion pumps, which 

cost about a thousand dollars apiece, will be sixty thousand 

dollars over a three year period (Emergency Care Research 

Institute, 1979). As the need for well regulated intra

venous therapy increases, and it will as intravenous therapy 

becomes more sophisticated, the national cost of infusion 

pumps and equipment could easily exceed one hundred million 

dollars annually (Band, 1979). The costs presented do not 

include the cost of service contracts, administration or 

inventory control. 

One may quickly point out that pumping chambers could 

be re-sterilized, work has been done indicating intravenous 

tubing need not be changed every day (Band, 1979), and 

volumetric infusion pumps are sometimes used in applications 

where a less expensive pump would be acceptable (Robinson, 

1977). Despite seemingly good ideas on cost reduction, the 

price tag of intravenous therapy will probably not decrease 

until nurses, and doctors, have access to an infusion pump 
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that works as well as the volumetric pump but at a lower 

cost (Rithalia, 1979). Hospital administrators will not 

endorse the non-disposable pumping chamber due to the risk 

of infecting the patient and lawsuits. Nurses, and to a 

less extent doctors, tend to get irate when someone tells 

them they must use a drop counting infusion pump, one of the 

least expensive, because they know the thing does not work 

reliably (Robinson, 1977). Changing intravenous administra

tion sets at periods longer than twenty-four hours will only 

occur, on a widespread basis, after it becomes medically 

accepted procedure. Currently, it is common practice to 

change administration sets at least every twenty four hours 

(Band, 1979). 

It is the objective of this study to propose and test 

a new intravenous flow measurement device. If such a device 

is to have an impact on health care technology it must be 

the functional equivalent of, or better than, a state of the 

art volumetric infusion pump of substantially lower opera

ting costs. The proposed system has been evaluated in the 

laboratory only. 



CHAPTER 4 

SPECIFICATIONS 

The following specifications have been derived from 

most of the references used in this paper. This 

specification's purpose is to limit and define what an 

intravenous flow control device should be. Indeed this 

chapter is incomplete; specifications are seldom detailed 

enough to prevent some undesirable quality from being 

incorporated into a product. Some of the specifications 

presented have little or no application to the measurement 

system devised and are included for completeness. 

The intravenous flow measurement device should meet 

or exceed the following requirements. The requirements only 

apply to intravenous therapy conducted under the supervision 

of a medical doctor or his representative. All specifica

tions apply only when the device is in an environment as 

described in the section 'Environmental Conditions'. This 

specification defines intravenous therapy as the continuous 

injection of fluids into the bloodstream at a predetermined 

rate. 

Though it is beyond the scope of this study to build 

an intravenous pump based on the flow measurement technique 
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designed, the system will be evaluated with respect to all 

specifications that may be in any way applicable. 

Accuracy. The intravenous fluid control device shall 

inject any intravenous fluid, including blood, at the 

desired rate of flow. The maximum allowable error in the 

flow rate shall be not greater than five percent of the 

desired flow rate at any flow rate specified in the para

graph 'Adjustment Range'. Flow rate error shall be defined 

as the absolute value of the fluid volume injected minus the 

fluid volume desired divided by the time the fluid was 

allowed to flow. The standard unit of time shall be one 

hour although any unit of time may be used. The specified 

accuracy shall be met regardless of the pressure applied by • 

the fluid proximal or distal to the pumping chamber and 

shall not be affected by changes in either pressure. 

Adjustment Range. The intravenous flow controller 

shall achieve fluid injection rates of five milliliters per 

hour to one thousand milliliters per hour. The device shall 

be capable of altering the flow rate immediately upon the 

request of the personnel in charge. The device shall be 

capable of changing the flow rate an unlimited number of 

times and to all attainable flow rates without requiring any 

change to the pathway of the intravenous tubing. 

Alarm Criteria. The intravenous flow controller 

shall issue an alarm when: (A) air is detected in the 

intravenous tubing, (B) the desired flow rate cannot be met 
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within the specified accuracy, (C) there is a sudden change 

in fluid pressure distal to the pumping mechanism, (D) 

someone is tampering with the controller, (E) the controller 

loses ac power, (F) the fluid reservoir is depleted, (G) the 

electronics of the system supplies a hazardous current to 

ground or a hazardous voltage to ground, (H) or the system 

suddenly uses an uncharacteristic amount of current from its 

supply. Provisions shall be made so that the alarm genera

ted shall be disabled only by the nurse in charge and not by 

a patient or visitor. The alarm shall be accompanied by a 

visual indicator on the controller; the visual indicator 

shall remain on until the alarm is turned off. The alarm 

may be audible, originating from the controller, or may be 

sent to a nursing station or both. The alarm shall be 

disabled at the controller only. If an alarm is generated 

the controller shall momentarily open the intravenous line 

so that any pressure drop across the pumping mechanism is 

removed and then assume a no flow state until serviced by 

authorized personnel. 

Cost. The complete system, without options, shall 

sell for under three thousand dollars. The cost of all the 

disposable parts needed for the administration of any 

intravenous fluid at any rate shall be less than three 

dollars. 

Electrical Safety. The intravenous flow controller 

shall continuously monitor the leakage current of the device 



to ground; the leakage current shall not exceed ten 

microamps (RMS). The intravenous flow controller shall 

continuously monitor the voltage differential between 

electronic ground and building ground; the voltage shall be 

less than ten millivolts. If either of the previously 

mentioned specifications are not met, the unit shall alarm. 

The unit shall meet these requirements when a conductive 

fluid has been poured over the unit. 

Electromagnetic Interference. The intravenous flow 

controller shall meet all specifications when infusing a 

patient that is being defibrillated, subjected to 

electrosurgical apparatus, using a blow dryer, or any 

combination of these. The controller shall produce no 

signal that can be detected by an electrocardiograph or an 

electroencepalograph. 

Environmental Factors. The intravenous flow 

controller shall operate at temperatures from thirty-two 

degrees Fahrenheit to one hundred degrees Fahrenheit with a 

maximum flow rate error of ten percent. Flow rate error 

shall be as defined in the section on accuracy. The unit 

shall meet all specifications in an environment where the 

relative humidity may vary from zero to one hundred percent. 

The unit shall not be affected by variations in atmospheric 

pressure. The unit shall meet all specifications when in 

motion. Motion shall include ambulation or vehicular trans

portation. The maximum flow rate error when the unit is in 
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motion shall be ten percent. The unit shall meet all 

specifications when stored at temperatures ranging from 

minus ten degrees Fahrenheit to one hundred fifty degrees 

Fahrenheit indefinitely and then tested at room temperature. 

Human Factors. The intravenous flow controller 

shall, upon reception of a valid access code, indicate the 

flow rate the device is operating at and the quantity of 

fluid to be infused. The maximum length of the operating 

instructions shall not exceed one page. The intravenous 

flow controller shall echo any command received to the 

source of the command. The device shall be completely 

operable with one hand. All displays, or indicators, shall 

be visible in direct sunlight or in the dark. The units of 

fluid flow rate shall be milliliters per hour? the units of 

volume to be infused shall be milliliters. 

Occlusion Pressure. The intravenous flow controller 

shall generate no pressure distal to the pumping mechanism 

that is greater than the pressure proximal to the pumping 

mechanism without the knowledge of the responsible nurse. A 

pressure developed distal to the pumping mechanism that 

exceeds the pressure proximal to the pumping mechanism shall 

cause the creation of an alarm. 

Operation. The intravenous flow controller shall be 

controlled by an authorized nurse at the physical location 

of the device at all times. Control exercised by the nurse 

in charge at the patient's bedside shall take complete 
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precedence over any other form of control. The unit will 

have an optional IEEE 488 type control feature facilitating 

remote control by computer. The only form of control 

available to unauthorized personnel shall be an off-on 

switch located on the front of the unit. With the power 

switch in the off position the unit shall be in a no flow 

condition. The device shall require the operator to exhibit 

knowledge of a special code before the controls of the 

device can become active. 

Physical Standards. The intravenous flow controller 

shall be a maximum of eight inches deep, eight inches wide, 

and fourteen inches tall. The unit shall weigh no more than 

twelve pounds. The unit shall be easily secured to an 

intravenous therapy pole. The unit shall be dropped on a 

tile floor from a height of five feet and continue to 

function. The unit shall be easily cleaned and shall be 

sterilizable by gas. The power cord shall be permanently 

attached to the unit and storage shall be provided for the 

power cord when not in use. 

Power Requirements. The intravenous flow controller 

shall operate from a single phase, 110 to 120 volt, 50 to 60 

cycle per second power source. The device shall have a 

battery backup power source, internal to the device, that 

shall supply power to the unit for ten hours at a two 

hundred milliliter per hour fluid flow rate. The battery 
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backup power source shall be continuously charged while the 

unit is supplied with an external power source. 

Design Goals 

As indicated in the title of this paper the 

measurement of intravenous flow is of prime importance to 

the development of an intravenous pump. Control of the 

intravenous flow rate can be accomplished by the measurement 

device controlling some sort of pumping mechanism. By 

generating a feedback signal the fluid flow rate can be 

controlled to the accuracy of the measurement device and not 

the accuracy of the pumping mechanism. 

One of the primary objectives for this project was 

health care cost reduction; it is of great concern that 

whatever system is proposed, costs much less to operate than 

existing comparable intravenous pumps. The cost constraint 

placed on the system demands the absence of any precision 

part placed in contact with the intravenous fluid since such 

a part would no doubt be more expensive than the three 

dollar figure indicated in the 'Cost' specification. 

Another consideration of this design is the 

complexity of the resultant device. The device will be used 

by extremely skillful people but it must be remembered that 

the skills possessed by the people operating the system are 

not necessarily those needed to operate any complex mechani

cal device. The device must therefore, be forgiving; 
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nothing is as frustrating as a smart machine with a mind of 

its own. 

To meet the requirements of simplicity, accuracy and 

cost the system was envisioned as having three parts: a 

measurement device, a controller or interface device, and a 

pumping, or regulating, device. The controller's function 

would involve modifying the regulator, or pumping device, in 

response to the information obtained from the measurement 

device. The controller would also interface to the nurse 

perhaps by alphanumeric liquid crystal displays (LCD's) and 

thumbwheel switches. A block diagram of the system is 

presented in figure 3. 

The controller section of the intravenous flow 

controller system was not built. Such a system should 

involve less than one dozen integrated circuits at a total 

cost of under one hundred dollars when done with a single 

chip micro-computer, such as the 8051 by Intel. In addition 

to sensing the output of the measurement device the 

controller would also control the pump through some sort of 

stepper motor. To facilitate nursing control of the pump 

the system should read four decimal digits for the flow 

rate, in milliliters per hour, and three decimal digits for 

the volume to be infused in milliliters. The system should 

display two 4 digit semi-alphanumeric messages, such as flow 

rate and volume remaining to be infused. The displays 
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Figure 3. Block Diagram of Proposed Intravenous Pump. The 
Flow Measurement Device provides information to 
the microcomputer which controls the pump. The 
displays indicate the status of the machine and 
the Keypad provides for rate setting. 
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should be capable of indicating the operational status of 

the pump at any time. 

The primary effort of this investigation was directed 

toward the development of a flow measurement device. There 

are peristaltic pumping devices currently in widespread 

clinical use that have an acceptable range of flow rates and 

can meet the cost specifications (Emergency Care Research 

Institute, 1979). 

Evaluation Methodology 

The flow measurement technique designed shall be 

tested for the following: accuracy, linearity, repeata

bility, and stability. Linearity shall be determined as a 

function of the output signal of the device versus the flow. 

Stability will be evaluated by monitoring the device's 

ability to measure the flow rate at a flow rate of zero. 

Repeatability shall be determined by having the device 

measure a constant flow. 

The accuracy of the measurement system shall indicate 

the worst case error of the system. System error shall 

equate to predicted flow minus actual flow at any time. 

Predicted flow shall be determined by the output of the 

measurement system; actual flow shall be determined by 

collecting the fluid pumped in a graduated cylinder or by 

weighing the fluid pumped. Since time is an extremely 

accurately known variable in a microprocessor based system 
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errors in flow rate, which are of concern when comparing 

infusion pumps, are directly related to errors in flow 

measurement. Errors in time measurement would be nill. 

The measurement technique cannot be exhaustively 

tested with respect to adjustment range because the 

interactions of the measurement device, control circuitry, 

and pumping mechanism cannot be determined without actually 

building the complete pump. As a compromise between proper 

testing and no testing the accuracy of the measurement 

device will be evaluated at different flow rates. 

The specifications concerning alarm criteria will not 

be the basis of any test. How the measurement device will 

detect the presence of a no flow condition due to an empty 

fluid reservoir will be discussed as will the device's 

ability to detect a sudden change in fluid pressures. 

Cost evaluation of this device will be based solely 

on the cost of the disposable parts required for operation. 

The significant operating cost of an intravenous pump is the 

disposable chambers. 

The evaluation of the flow controller, with respect 

to electrical safety cannot be done until the device is 

built. Since the device built to measure flow will be a 

prototype and, hopefully, consume substantially less power 

than the pumping mechanism any attempt to determine leakage 
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current or electromagnetic properties from this mechanism 

would generate inaccurate results. It is not anticipated 

that the hardware used in the laboratory evaluation of the 

flow measurement device will be the same as that used in 

clinical testing. 

The likelihood of the device malfunctioning as a 

result of temperature, humidity or atmospheric pressure 

variations will not be discussed due to the difficulty 

involved in testing for such failures. The effects of 

motion will be evaluated. 

The likelihood of the device sensing a distal fluid 

pressure greater than the proximal fluid pressure, relative 

to the pumping mechanism, will be discussed. Currently, no 

infusion control device on the market can adequately sense 

the occurrence of extravasation. The only way to properly 

evaluate the ability of the mechanism to detect extravasa

tion is in clinical testing which is beyond the scope of 

this work. 

The ruggedness of the device shall be evaluated, 

however it is not anticipated that the measurement system 

will involve a design from scratch. Since the device is 

dependent on existing hardware, a final evaluation of the 

ruggedness of the system would be unwarranted because the 

production model of the device could be from a scratch 

design and substantially different from the prototype. 



CHAPTER 5 

SYSTEM DESIGN 

Three methods of measuring intravenous flow were 

considered in this study. Each method was based on a 

technique that would meet the specifications of chapter 

four. The three methods were: optically sizing a drop in a 

drop chamber, ultrasonically measuring the fluid velocity, 

and continuously gravimetrically determining the quantity of 

fluid injected. 

The Optical Solution 

The optical method of intravenous flow measurement 

consists of counting the number of drops that fall through a 

drop chamber in a preset time and determining the size of 

the drop. This method would be an improvement on existing 

drop counting techniques because the size, or volume, of 

each drop would be determined. The sizing of the drop would 

be accomplished by monitoring the amount of light trans

mitted through the drop chamber continuously. The size of 

the drop would be proportional to the reduction in the 

intensity of the light transmitted through the drop chamber 

as the drop obscured the light source. 

The optical approach has several advantages. The 

nurses that will be using the completed pump are familiar 
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with drop counting infusion pumps so the technology would 

not present something new. Intravenous therapy has been 

conducted for years with the optical drop sensor so optical 

techniques have been accepted as medically safe; concerns 

about leakage current and contamination or alteration of the 

intravenous fluid would be minimal. The cost of such a 

system, excluding the initial capital expense, would be zero 

because there would be no disposable parts. Drop chambers 

are already included in intravenous administration sets and 

are the only disposable part of the optical system. 

In an effort to determine the feasibility of an 

optical system a conceptual model was defined and calcula

tions made to determine the system's capability. The 

system's output could be filtered to remove background light 

contamination or changes in the intensity of the source. 

The filtered output would be a signal roughly the shape of a 

half wave rectified sine wave. The volume of the drop, 

which is directly proportional to the cross sectional area, 

would be determined by the amplitude and frequency of the 

output signal. The amplitude and frequency of the output 

signal would depend on the shape of the drop and the cross 

sectional area. 

Further consideration of the optics involved yields 

some additional variables to the relationship between drop 

volume and output signal. It is quite possible that 

different fluids absorb light differently. A difficult 
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problem would arise if the variations in light absorption by 

various fluids were sufficient to effect the accuracy of the 

system. Another potential problem involves the shape of the 

drop. The volume of a drop is influenced by the surface 

tension of the fluid, the pressure creating the drop, the 

size and shape of the nozzle, the specific gravity of the 

fluid, and the rate of flow (LeCour, 1974; Ferenchak, 1971). 

Assume that all the previously mentioned variables will 

remain constant during an intravenous therapy except the 

pressure creating the drop. The pressure decreases as fluid 

leaves the reservoir. As the pressure decreases the drop 

volume decreases; the cross sectional area changes. Perhaps 

the shape changes. If the shape changes, or the cross 

sectional area, the surface of the drop blocking the light 

would change. Changes in surface area with drop volume may 

not be linear. Analysis of the light transmission data to 

determine drop volume might have to account for any non-

linearity of the data. 

Another factor in the determination of how much light 

is transmitted through the drop chamber is the position of 

the drop in the horizontal plane. Since the transmitted 

light may not be parallel, if the drop is closer to the 

source or detector at one time than another the amount of 

light reaching the detector could vary with drop position. 

This factor would probably be of minimal importance when the 
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drop chamber was stationary but could cause havoc when the 

drop chamber was moving. 

The cross sectional area of a one-twentieth 

milliliter spherical drop, a typical volume, is 0.16409 

square centimeters; a sphere of two percent less volume has 

a cross sectional area of 0.16189 square centimeters, a 

reduction of 1.34 percent. If the assumption is made that 

the drop blocks enough light to create a full scale reading, 

such an assumption may not be valid, then the system would 

need to accurately resolve one percent of the full scale 

response. 

Perhaps the most difficult obstacle to overcome would 

be the tendency of the drop chamber to fog up. It is not 

uncommon that the moisture in the drop chamber condenses on 

the side of the chamber, creating a drop chamber of vastly 

different optical properties than a relatively dry chamber. 

Although the tendency of the drop chamber to fog up could, 

perhaps, be overcome, other methods of flow rate determina

tion are available and present simpler solutions to 

intravenous flow measurement. 

The Ultrasonic Solution 

The rate of flow of a fluid can be determined by 

measuring the velocity of the fluid as it goes through a 

tube of known diameter. By using ultrasonic transducers it 

is possible to determine the flow rate of a fluid through a 
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known diameter tube without placing the transducers in the 

fluid (Ray, 1974). The velocity of the fluid is propor

tional to the time required for the sound to travel from the 

source of the ultrasonic wave to the detector. The time 

difference between upstream and downstream transmission (dt) 

is: 

2 * D * V * cos© 

dt = 

_2 ,r2 2_ C - V cos 9 

where D is the distance between source and detector; V is 

the velocity of the fluid; 0 is the angle between the 

direction of the fluid and the direction of the sound; C is 

the speed of sound in the fluid. 

If the ultrasonic approach involved a set up as 

detailed in figure 4, with D equal to 10 centimeters and 

cos© equal to 1 the equation for dt reduces to: 

2 * 10cm * V 

dt = 

C2 

It is a prudent approximation to reduce the denominator to 

2 C since the velocity of the fluid will be much less than 

the velocity of sound in the fluid. The velocity of sound 

5 in blood, for example, is 1.5 x 10 centimeters per second 

(Ray, 1974). 
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Figure 4. The Ultrasonic Flow Measurement Proposal. 
Ultrasonic sound travels through the fluid in the 
small tube. The time required for the sound to 
reach the detector is dependent on the velocity 
of the fluid. Since fluid velocity is an 
obtainable parameter, flow rate can be obtained 
since the tubing diameter is known. 
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In an effort to understand the limitations of the 

ultrasonic solution the following calculation was made. 

Since 

flow rate = volume/time 

and the volume of a cylinder equals 

2 
volume = 3.1416 * r x h 

where r = the radius and h = the height, the flow rate into 

a cylinder is 

3.1416 * r2 * h"/time 

where h' is the increase in height of the fluid in a given 

time. Expressed in another form 

flow rate = 3.1416 * r2 * V 

where V is the average velocity of the fluid. So for 50 ml 

per hour or 0.01389 ml per second 

0.01389 

V = 

r2 * 3.1416 

if r = 0.021 centimeters then V = 176.8 cm/sec. Solving for 

dt 

2 * 10 cm * 176.8 cm/sec 

— 6 
dt 0.157 x 10 sec 

(1.5 x 105)2 cm2/sec2 

When considering the ultrasonic approach one must 

remember that the speed of sound in a liquid is related to 

the surface tension of the liquid. Surface tension 

variations encountered in intravenous fluids would cause 
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errors in the flow measurement. Surface tension variations 

as well as any other variations could be measured by 

determining the speed of sound with a no flow condition; the 

only significant obstacle to using the ultrasonic approach 

is the speed at which the fluid would travel through the 

tubing. 

The high speed at which the fluid must travel, 175 

centimeters per second, would require the use of an 

elaborate pumping mechanism. Such a pump would have to have 

a short, pulsitile flow pattern and be capable of pumping 

through a substantial pressure head generated by the back

pressure of the fluid going through the tubing. The 

ultrasonic approach would also require the use of a section 

of tubing with a tightly controlled inner diameter. Since 

the method senses velocity, volume must be obtained by 

multiplying the velocity information by some constant; a 

constant determined by the inner diameter of the tubing. 

Because the ultrasonic technique involves using a precision 

length of tubing it is no more desirable than the optical 

approach and was not pursued. 

The Gravimetric Approach 

When considering how a nurse determines intravenous 

flow rates one thinks of two methods, counting drops and 

estimating the fluid content of the reservoir. Nurses rely 

on the fluid left in the reservoir as the determining factor 



48 

of how much fluid has been injected and determine if the 

flow rate is too fast, too slow, or correct based on the 

changes in fluid level. The gravimetric approach is based 

on the concept of knowing how much fluid is in the bag at 

all times. Since time is one of the more precise measure

ments a microprocessor based system can make, a controller 

could regulate flow by measuring the changes in reservoir 

weight and dividing those changes by the time between 

measurements. Since microprocessor based systems have 

stable time resolution of micro-seconds the limiting factor 

of a gravimetric flow measurement system would be the 

determination of the amount of fluid in the reservoir. 

Perhaps the simplest way to determine the amount of 

fluid left in the reservoir or, more importantly, the change 

in the fluid volume of the bag is by weighing the reservoir. 

What is the simplest may not be the best; the changes in 

specific gravity of intravenous fluids would introduce an 

error in the system. Fortunately the problem can be solved 

quite simply. The weight of the intravenous bag can be 

controlled and the volume of intravenous fluid in the bag, 

before the bag is opened, can be fixed at some multiple of 

200 milliliters. To limit errors in flow rate caused by 

specific gravity changes the variation in weight of 

intravenous fluid containers would have to be less than 1 

percent of the combined weight of the container and the 

fluid. Then, when a full, unopened, reservoir was placed on 
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the weighing device the microprocessor could determine the 

number of grams per milliliter. The microprocessor could do 

this by reading the weight of the reservoir and dividing 

that weight by the number of milliliters in the container. 

Since the number of milliliters in the container is 

precisely set when the reservoir was filled the micro

processor should be able to determine the specific gravity 

of the fluid. Another, simpler, approach would be to have 

the nurse that starts the therapy enter the volume of fluid 

in the bag. Fixing the volume of fluid in the container 

need not create additional costs for the hospital or the 

patient. One must also realize that the majority of 

intravenous solutions are of the same specific gravity. 

Perhaps the best reason for using a gravimetric flow 

measurement system is the nature of the variable measured. 

The gravimetric approach measures the same variable that the 

nurse does when checking the progress of the therapy. Other 

systems considered measure flow in small increments and 

cannot measure total fluid transfer directly. Perhaps the 

gravimetric approach cannot measure small increments of flow 

as accuractely as the other systems but it does measure 

cumulative fluid transfer directly. Cumulative fluid 

transfer is of far more interest in the clinical applica

tions of intravenous therapy than instantaneous flow. 
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System Description 

A gravimetric approach to intravenous flow 

measurement was accepted. Due to the limited resources 

available to the investigators, commercially available 

transducers were the only reasonable choice of measurement 

device. If, in the future, this project is used in a 

commercial device a custom built transducer would likely 

improve the measurement capabilities of the system. 

Two types of weight measurement devices, strain gages 

and linear variable differential transformers (LVDT's), were 

considered. Both devices offer acceptable linearity, 

resolution and repeatability; the LVDT was chosen because it 

is more rugged than the strain gage transducer. The LVDT 

used was supplied by Measurement Consultants of Phoenix, 

Arizona and operated by sensing the displacement of opposing 

linear springs in response to a force applied to the 

junction of the springs. The model number of the device 

used was FTA-G-1000, serial number 841, and was made by 

Schaevitz engineering. The electronics used with the LVDT 

was a GPM-109 module, which was also made by Schaevitz. 

In the evaluation of the system the pump was used to 

establish an approximate flow rate and to minimize mechani

cal disturbances to the IV bay. The pump was not the source 

of any variable used in the evaluation of the system. The 

pump, because it tightly clamped the intravenous tubing, 

prevented changes in the position of the tubing distal to 
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the pump or changes in tension exerted on the tubing distal 

to the pump from being reflected as a change in the 

transducer output. The pump also provided a substantial 

mass on the intravenous pole that damped out mechanical 

vibrations caused by objects hitting the pole, or movement 

of the pole. 

The output of the flow measurement system was a dc 

voltage directly related to reservoir weight. A schematic 

of the system, with parts list, is given in figure 5. 

The transducer was hung to the hook on the 

intravenous administration pole, see figure 1; the 

intravenous reservoir was then hung from the transducer. 

The transducer was free to swing on the pole, as was the bag 

free to swing on the transducer. It was experimentally 

determined that the transducer output was more sensitive to 

noise, caused by motion, when the bag or the transducer were 

in some way restricted in their ability to move. 

The output voltage was measured by a Tektronix DM501 

multimeter which has a resolution of one millivolt on a plus 

to minus ten volt scale. The meter has an internal low pass 

filter that did an excellent job of converting a somewhat 

noisy output voltage from the GPM-109 to a dc level. As a 

precautionary measure a low pass filter was added to the 

transducer's electronics output to eliminate the noise; the 

filter was a second order Thomson with a cutoff of one 
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Figure 5. Schematic of transducer and support electronics, 
with parts lists. LI is the LVDT. Page 1 of 3. 
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Figure 5. Schematic of support electronics. Page 2 of 3. 



Component Description 

LI FTA-G-1000 
U1 GPM-109 
U2 LM-747 
R1 120 ohm 
R2 1000 ohm 
R3 22K ohm 
R4 5OK ohm 
R5 1000 ohm 
R6 10OK ohm 
R7 100K ohm 
R8 100K ohm 
R9 10K ohm 

RIO 12K ohm 
CI 10 ufd 
C2 10 ufd 
D1 IN823 
D2 IN823 

Figure 5. Parts List for Transducer Electronics. 
U1 and LI may be obtained from the 
Schaevitz company. Page 3 of 3. 
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hertz. No noticeable change was detected at the Tektronix 

meter but the filtered output was decidedly an advantage 

when using an oscilloscope or fast analog to digital 

converter. 

Page 1 of figure 5 is the schematic for the 

excitation and signal processing circuitry for the 

transducer. The GPM-109 is a hybrid circuit that provides a 

2.2K Hertz excitation signal for the primary windings of the 

LVDT and rectifies and amplifies the 2.2K Hertz signal 

received from the LVDT secondary windings. A hybrid circuit 

is vastly superior to a discrete circuit for this applica

tion because of the sensitivity of the output voltage to 

temperature variations. 

R1 provides a current limit for the output of the 

device and was 120 ohm based on information received from 

Schaevitz engineers, R2, R3, R4, and R5 provide a zero 

adjustment for the device; D1 and D2 are temperature 

compensated zener diodes used to establish a stable voltage 

for zero adjustment. R6 is the gain adjustment potenti

ometer; gain increases as the value of R6 increases. 

Schaevitz does make LVDT type load cells with DC 

outputs. These devices have all the required signal 

generation and processing circuitry inside the housing of 

the LVDT. It would be very easy to replace all the 

electronics used in this study by purchasing a load cell 

with electronics. 



CHAPTER 6 

SYSTEM EVALUATION 

This chapter presents the results of tests conducted 

on the flow measurement system. The measurement system was 

evaluated in the areas of: A) accuracy, B) linearity, C) 

repeatability and D) stability. Whenever possible the 

evaluation of the measurement system was done in "a manner 

that would test the system's ability to meet specifications 

as defined in chapter 4. Regretably, the transducer used in 

this project was reclaimed by the owner so some experiments 

were conducted a minimal number of times. As a means of 

compensating for the lack of extensive data acquisition the 

data obtained will be compared to the results one could 

expect by reading the data sheets of the devices used. 

Each evaluation will be presented in 3 parts: 

experimental procedure, data, and results. Discussion of 

how the system might respond, using the chapter on 

specifications as a guide line, is presented in chapter 7. 

Linearity Evaluation 

The linearity of the system is an important parameter 

if the system is to be used as a mass produceable product. 
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It is not important that the device exhibit a linear 

relationship between bag weight and output voltage, what is 

important is that the relationship be predictable to within 

the accuracy specification of the measurement system. Since 

only one device is available for testing, the linearity test 

of the transducer will consist of verifying if the trans

ducer, as used in this application, meets the specifications 

of the transducer as defined in the data sheet. The 

evaluation of the LVDT used in this experiment would require 

a good deal more testing than is within the scope of this 

study before the part could be used in a production 

environment. 

Experimental Procedure 

The measurement system will be evaluated by applying 

several known weights to the transducer. At each weight the 

output voltage of the transducer will be noted. 

Data 

The data obtained from the linearity evaluation is 

presented in Table 1. The data was taken at two different 

times, time A and B, when the transducer electronics was set 

at different gains. No effort was made to establish a 

voltage to weight curve; the purpose of this experiment was 

the verification of the data sheet's linearity 

specification. 
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Table 1. Linearity Data. 

Each weight entry is in grams; each voltage entry is in 
volts. Data was obtained by applying a weight then 
recording the output voltage. The output voltage was 
measured within seconds of the application of the 
weight. For this test, the transducer was attached to 
an I.V. pole. 

I TEST A | 

j Test Number Weight Voltage 1 

1 295.2 1.568 | 
2 590.2 3.127 | 
3 887.1 4.660 • 1 
4 1034.6 5.443 | 
5 1182.1 6.202 I 
6 1329.6 6.971 | 

TEST B 

1 Test Number Weight Voltage | 

1 147.9 0.568 | 
2 442.7 1.700 1 
3 737.7 2.824 1 

1 

4 1032.7 3.933 I 

1 
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Table 2. Linearity Results. 

This table was generated by solving y = mx + b for each 
entry of Table 1. b was always zero because Vout at 
0.0 grams was 0.000. Percent variation equals 
L(m - mean)/nG x 100. 

1 
1 

TEST A 
1 
I Test Percent I 
I Number 
| 

m Variation I 

I 1 0.00531 0.76 | 
1 2 0.00530 0.57 | 
1 3 0.00525 0.38 1 
1 4 0.00526 0.19 1 
I 5 0.00525 0.38 I 
1 6 0.00524 0.57 | 
I mean 
1 

0.00527 

1 
1 
1 

TEST B 

I Test Percent 1 
I Number 
I 

m Variation I 

I 1 0.00386 0.52 1 
1 2 0.00384 0.00 1 
1 3 0.00383 0.26 | 
1 4 0.00381 0.79 I 
I mean 
1 
1 

0.00384 

1 
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Results 

By solving the equation 

y = rax + b 

at each data point table 2 was generated. Table 2 is a 

presentation of the 'm' variable in the preceding equation 

at each weight defined in table 1. If the device was linear 

each 1 m' would be the same. The 'b' variable in the 

equation was 0 because the output of the transducer 

electronics was set to 0.000 volts at 0 grams weight. 

Also presented in table 2 is the percent variation of 

the 'm' variable from the mean. The percent variation 

relates to the non-linearity specification given in the 

device's data sheet. 

Repeatability Evaluation 

The repeatability of the flow measurement system has 

a direct relationhip to the desirability of using the 

measurement system in a clinical application. If the system 

is not repeatable within some limit, yet to be defined, it 

is not very likely the system would work in this applica

tion. A question that must be resolved before 

experimentation is done is the definition of repeatability. 

Generally, repeatability is a measure of how a transducer 

measures some event when the same event occurs, goes away 

and occurs again. A highly repeatable device will produce 

exactly the same output each time the event occurs. 
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There are two events that the flow measurement system 

must respond to repeatably, small weight changes and large 

weight changes. Small weight changes in an intravenous flow 

measurement are indications of instantaneous flow rate or 

flow stoppage. Flow stoppage is a highly undesirable event 

in normal intravenous therapy and should be detected quickly 

by an infusion pump. Large weight changes correspond to 

measuring absolute flow or determining flow rate precisely. 

An intravenous pump using a flow measurement technique that 

measured 100 grams plus or minus 10 grams would have a 

possible flow rate error or 10 percent. 

Experimental Procedure 

The repeatability of the system was evaluated in two 

ways. One way involved applying a weight to the transducer, 

recording the output voltage, removing the weight, recording 

the voltage and reapplying the weight. This process was 

repeated several times, using several different weights. 

Another procedure was used for measuring the system's 

response to small weight changes. This method consisted of 

letting 1 to 2 grams of water leave the reservoir and 

measuring the output voltage before and after the water was 

removed. 
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Data 

The data obtained from the evaluation of the systems 

response to large changes in weight is presented in table 3. 

The data obtained from the small weight change evaluation is 

presented in table 4. This data was obtained over a period 

of 2 hours and assumes the device did not change its output 

voltage because of drift. Data in table 4 was obtained by 

collecting the water that left the reservoir in a flask. 

The flask was continuously weighed. The data in table 4 

represents the weight of the flask and not of the reservoir. 

Figure 7 illustrates the technique used in the experiment. 

The infusion pump shown in figure 7 provided a means of 

regulating the flow. 

In table 4 tests 1 and 2 were conducted with voltage 

to weight ratio of 1.78 volts per kilogram; tests 3 through 

11 were conducted with a voltage to weight ratio of 5.00 

volts per kilogram; tests 12 through 17 were conducted with 

a voltage to weight ratio of 5.25 volts per kilogram. The 

voltage to weight ratio of the system is changed by changing 

the gain of the electronics. 

The data taken in table 3 was recorded as soon as the 

output voltage stabilized. The time between weight 

application and voltage stabilization was less than 3 

seconds in all cases. 
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Results 

The results of the repeatability tests conducted on 

the system involving large weight changes are presented in 

table 5. The standard deviation of the voltage readings was 

less than 2 millivolts for all tests. 

The data for the testing done on the system 

evaluating the response to small weight changes show that a 

weight change in the reservoir of 1 to 2 grams will cause a 

change in the output voltage of the system. 

Stability Evaluation 

One of the characteristics of the flow measurement 

system not examined in the linearity or repeatability 

evaluation is the drift of the system. It is highly 

probable that most applications of the flow measurement 

system will involve a time period measurable in hours. If, 

over a period of hours, the flow measurement system changed 

its output due to drift in the electronics or temperature 

related expansions and contractions of the transducer an 

error would be introduced. The error would cause a flow 



Table 3. Repeatability Data 

The input column shows the weight 
applied, in grams; the output 
column shows the system output 
voltage in volts. 

Test Number Input Output 

1 0.0 0.000 
2 147.9 -0.568 
3 0.0 0.000 
4 147.9 -0.596 
5 0.0 -0.027 
6 147.9 -0.571 
7 0.0 0.000 
8 442.7 -1.700 
9 0.0 0.000 
10 442.7 -1.704 
11 0.0 -0.002 
12 442.7 -1.700 
13 0.0 0.000 
14 442.7 -1.703 
15 0.0 0.000 
16 737.7 -2.824 
17 0.0 0.000 
18 737.7 -2.820 
19 0.0 0.001 
20 1032.7 -3.933 
21 0.0 0.001 
22 1032.7 -3.935 
23 0.0 0.002 
24 1032.7 -3.937 
25 0.0 -0.005 
26 737.7 -2.824 
27 0.0 0.000 
28 442.7 -1.703 
29 0.0 0.000 
30 147.7 -0.569 
31 0.0 0.000 



Table 4. Repeatability Data for Small Changes in Flow. 

The 'weight before' column is the weight of 
the beaker before the flow of the water. 
'Weight after' is the weight of the water 
after the flow. Voltage before corresponds 
to weight before and voltage after corres
ponds to weight after. 

Weight Weight Voltage Voltage 
Test # Before After Before After 

1 302.7 304.9 1.788 1.785 
2 304.9 307.3 1.785 1.781 
3 236.0 236.9 -4.030 -4.016 
4 280.0 282.0 -3.812 -3.802 
5 282.0 284.0 -3.082 -3.790 
6 284.0 288.0 -3.790 -3.771 
7 288.0 290.0 -3.771 -5.761 
8 290.0 292.0 -3.761 -3.750 
9 292.0 294.0 -3.750 -3.739 
10 299.1 302.0 -3.714 -3.699 
11 302.0 305.0 -3.699 -3.683 
12 320.0 320.7 -3.611 -3.605 
13 317.5 320.0 -3.611 -3.596 
14 320.0 322.0 -3.596 -3.585 
15 322.0 324.0 -3.585 -3.577 
16 324.0 326.0 -3.577 -3.565 
17 326.0 328.0 -3.565 -3.556 
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Table 4. Repeatability Results. 

Device response is determined by subtracting 
the zero response of the transducer from 
the previous reading. 

1 
I # of Tests Weight 

Average 
Response 

Standard | 
Deviation I 

1 4 147.7 -0.569 0.0013 | 

1 5 442.7 -1.702 0.0015 1 

1 3 737.7 -2.823 0.0017 | 

1 3 

1 

1032.7 -3.933 0.0010 I 

1 
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error equal to the ratio of grams to volts times the voltage 

error. It is the task of the stability evaluation to 

determine the magnitude of the output voltage change over a 

reasonably long period of time. 

Experimental Procedure 

This analysis makes two assumptions about the 

intravenous infusion pump that would be made using this 

transducer. The first assumption was that the controller, 

or microcomputer, would have a data acquisition system 

capable of reading the output voltage of the flow measure

ment system several hundred times per second. It was also 

assumed that the microcomputer could calculate an average 

reading over one second. The second assumption was that the 

microcomputer controlling the pump would use the average 

voltage over a one second interval as one reading of the 

output voltage for flow measurement purposes. 

The flow measurement device was tested by applying a 

metal weight to the transducer. The metal weight provided a 

non-varying excitation source for the system that placed a 

reasonable stress on the springs in the transducer. The 

metal weight weighed 147 grams. The output of the measure

ment system was measured 500 times per second for 20 

consecutive hours. The resolution of the measurement device 

was 2.5 millivolts. Twenty hours is a relatively long time 

for one intravenous reservoir of fluid to be injected. 
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Data 

The data obtained in this evaluation was obtained by 

a digital computer and was presented in two ways. One 

output consists of the average voltage per hour; the other 

consists of the number of data points taken in each hour 

that were within 5 millivolts, within 10 millivolts and not 

within 10 millivolts of the average voltage for the hour. 

The data obtained is presented in figure 6. 

Results 

Testing to determine the voltage change in a 20 hour 

period produced the data of figure 6a. This data indicates 

the output changed slightly more than 20 millivolts in 20 

hours. Testing done to determine the variation in output 

voltage per hour indicate the output was within 5 millivolts 

of the hourly mean for 10 hours. The data, figure 6b, also 

indicates the output voltage was within 10 millivolts of the 

average at least 95% of the time during the other 10 hours. 

The maximum error, due to drift, over a 20 hour period would 

be 4 grams of fluid. 

Accuracy Testing 

One aspect of the flow measurement system not 

previously tested but of obvious importance is the accuracy 

of the device. The evaluation of the accuracy of the device 

was accomplished by continuously monitoring the output 
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Figure 6. Stability Data. Figure 6A presents the average 
voltage per hour. Figure 6B presents the number 
of readings within 5 millivolts of the average 
per hour, line A~ the number within 10 
millivolts, line B~ the number not within 10 
millivolts, c. 
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voltage of the system and by recording the weight change of 

the reservoir at various times. By recording the output 

voltage of the device at the moment the weight of the 

collection flask is precisely known it is possible to relate 

voltage change to flow. The technique of weighing the 

amount of fluid pumped by an infusion pump is an accepted 

way of determining the accuracy of the pump (Bisera, 1976; 

Emergency Care Research Institute, 1972; Flack, 1974; 

Rithalia, 1979). The experimental set up used for this 

evaluation is shown in figure 7. The only fluid used in 

this evaluation was tap water. 

A sample of the data taken in this evaluation is 

found in table 5; all of the data taken in this evaluation 

is found in appendix A. The results of this evaluation are 

found in figure 8. The results were determined by 

subtracting the predicted flow from the weight change of the 

flask; the magnitude of the result was plotted in figure 8. 

The predicted flow was determined by multiplying the voltage 

change over some interval by the weight to voltage constant. 

The measurement system was evaluated with respect to 

pressure variations distal to the pump. Such variations 

would normally occur as the patient moved around in bed or 

walked around. A pressure head of plus and minus 36 inches 

of water was applied with no noticeable change in voltage 

output. 



Table 5. Data Taken in Accuracy Measurements. 

Voltages are in volts and weights are in grams. 

I Test Number Voltage Weight | 

I 1 1.993 187.2 1 
1 2 1.944 216.0 1 
1 3 1.848 268.5 I 
1 4 1.788 302.7 | 
1 5 1.785 304.9 I 
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Figure 7. Test Set-up for Accuracy Testing the Flow 
Measurement Device. The balance provided a 
measure of the fluid volume pumped at any time. 
The fluid flow recorded by the balance was 
compared to the flow detected by the transducer. 
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Figure 8. Accuracy Results. Absolute value of flow error 
verses flow. Flow error is defined to be the 
difference between the balance reading and the 
output voltage change times the voltage to weight 
constant. 
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Adjustment Range Testing 

The adjustment range, or flow rate range, of the 

intravenous pump is required to be 1 milliliter per hour to 

1000 milliliters per hour. This specification was the basis 

for evaluating the transducer of different flow rates. The 

flow rate variation was from 0 milliliters per hour to 240 

milliliters per hour. The data from the 0 milliliter per 

hour testing has been previously presented as stability 

data. Data obtained at other flow rates is presented in 

Appendix A using exactly the same format as accuracy data 

except the flow rate for the test is specified. 

Adjustment range testing indicates that the 

transducer is equally accurate at all flow rates evaluated. 

Electrical Safety Testing 

The electrical safety requirement for this device 

requires that the device have less than or equal to 10 

microamps leakage current and less than ten millivolts from 

any device ground to building ground. The ten microamp 

leakage current requirement can generally be met by having a 

good isolation transformer on the power supply used in the 

device. The ten millivolt requirement is met by grounding 

all exposed conductive surfaces. The device was adequately 

grounded. 
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The device was tested by the biomedical engineering 

department of the Arizona Health Sciences Center and 

approved for use in the hospital. 

Human Factors Testing 

The only applicable specification in the human 

factors section concerns operation of the infusion pump with 

one hand. Since the evaluation of the measurement device 

was done by an individual with one working hand it would 

seem reasonable to say the measurement device section of the 

infusion pump would not require a two hand operation. The 

intravenous reservoir hangs on the transducer nearly in the 

same manner as it hangs on a standard intravenous pole, the 

only difference being that the transducer, and hook, is free 

to move in the horizontal plane. 

Physical Standards Testing 

The physical standards specification applicable to 

the measurement device concerns dropping the device and gas 

sterilizing it. The evaluation of the device's resistance 

to breakage was limited to normal usage in a university 

laboratory by a graduate student. Since the transducer was 

borrowed no effort was made to break it or seriously 

evaluated its ruggedness by dropping it from a 5 foot 

height. Even though there was every effort to handle the 

transducer with care one operation did result in the 
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transducer coming slightly apart. The transducer was put 

back together and functioned well. 

The transducer used was not evaluated with concern 

for the effects of gas sterilization upon its operating 

characteristics. It was noted, however, that the transducer 

could be built as two sealed parts. The parts would be 

entirely metal and would stand up to gas sterilization as 

well as any metal device. The transducer used in this study 

was not sealed. 

Power Requirement Testing 

The transducer and electronics used in this study 

were operated at plus and minus 15 volts using less than 50 

milliamps. No effort was made to conserve power during this 

study. 



CHAPTER 7 

DISCUSSION 

The objective of the preceding chapter was the 

evaluation of the intravenous flow measurement system 

designed in this study. Unfortunately, it was not possible 

to build an intravenous pump utilizing the flow measurement 

technique; if such a pump could have been built, much 

meaningful information would have been gained concerning the 

practicality of the design. Since a direct evaluation of 

the design was not possible experiments were conducted to 

produce as thorough a knowledge as possible of the designed 

system. This chapter will examine the information obtained 

in the previous chapter and determine the feasibility of an 

intravenous pump using the design. The discussion is 

divided into two parts, the discussion of the experiments, 

and the discussion of the ability of the measurement system 

to meet the specifications in chapter 4. 

Discussion of Evaluations 

Linearity 

The linearity evaluation indicates that the device is 

linear to within 1% over the full operating range of the 

device. The results of this study compare favorably to the 
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device's specifications supplied by the manufacturer. The 

manufacturer claims .2% linearity. Since the full scale 

range of this device is + 1000 grams an error of 4 milli

liters, or grams, of fluid could be developed during the 

therapy. The specifications for the device used are 

presented in figure 9. 

The non-linearity of the transducer need not cause a 

10 milliliter error if the voltage to weight curve of the 

device is consistent from device to device. It is a simple 

matter to account for predictable non-linearity in 

transducers by software. If the device's non-linearity is 

random and cannot be economically compensated for in 

software, devices exist with specified non-linearity of 

0.03%. Such a device is based on strain gages. Strain 

gages are currently in use in hospitals; they are used for 

the monitoring of blood pressure. Strain gages are easier 

to break than the LVDT so the strain gage was not the first 

choice for a transducer. 

Even the 1% linearity variation noted could not be 

eliminated and developed a 1% flow error the LVDT based 

system would be within specifications. The specification 

for flow accuracy is 5%. 

Repeatability 

The repeatability evaluation indicates the device 

will respond within + 2 millivolts for large, greater than 
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Non-Linearity - % Rated Output 0.2% 

Resolution - % Rated Output 0.1% 

Repeatability - % Rated Output 0.1% 

Temperature Range - Operating -65°F to 200°F 

Temperature Range - Storage -65°F to 300°F 

Temperature Coefficient of Sensitivity . . . 0.003% per °F 

Nominal Output at 5 volts rms excitation . . 0.4 to 1.1 
Volts rms 

Output Impedance - Ohms 4000 

Input Impedance - Ohms 430 

Excitation Frequency 2.5 KHz 

Size - height (inches) 2 15/16 
- diameter (inches) 13/16 

Weight (lbs) 0.5 

Figure 9A. Specifications for model FTA-G-1000 load cell 
from Schaevitz Engineering. 
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Power Source (volts) + 15 

Output Range (volts) ±10 

Supply Current (MA) 25 

Frequency Rolloff (Hz) @ 35 db/decade 250 

Input Impedance (Ohms) 25K 

Sensitivity (output volts/input volts) 16 

Output Impedance (Ohms) 100 

Output Noise (volts rms) 25 mV 

Non-linearity and Hysteresis (% full scale) ... 0.1 

Temperature Sensitivity 0.04%/°C 

Stability (after 30 minutes, % full scale) .... 0.1 

Operating Temperature Range (°C) 0 to 55 

Weight (grams) 131 

Figure 9A continued. Specifications for GPM-109 used in 
generating the excitation volts for the LVDT and 
rectifying the LVDT's response. 
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Non-Linearity - % Rated Output +0.03% 

Hysteresis - % Rated Output ....... + 0.02% 

Non-Repeatability - % Rated Output +0.01% 

Temperature Range, Operating (°F) -60 to 200 

Temperature Effect on Rated Output -
% of Reading/l00°F 0.08% 

Temperature Effect on Zero -
% of Rated 0utput/100oF 0.08% 

Creep, After 20 minutes % Rated Output 0.03% 

Overload Ratings - % Rated Capacity 
Safe + 150 
Ultimate + 500 

Nominal Output - mv/v 3 

Input Resistance - Ohms 3 50 + 3.5 

Output Resistance - Ohms 350 + 3.5 

Excitation Voltage - VDC 10 

Insulation Resistance - Bridge to Case 
Megaohms 5000 

Rated Output - Pounds 5 

Weight - Pounds 1/3 

Size - height (inches) 1 
width (inches) 1/2 

- length (inches) 2 3/8 

Figure 9B. Specifications for model MB-5 load cell from 
Interface Load Cells. 
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100 grams, changes in weight. Two millivolts correspond to 

1/2 gram, or milliliter. The significance of evaluating the 

transducers response to large, sudden weight changes is 

found when one considers that the reservoir will be subjec

ted to forces that will make the weight, as measured by the 

transducer, change dramatically. It must be noted that 

repeatability test #4 produced an offset of 0.027 volts, 

corresponding to 5 to 6 milliliters of fluid. This 

magnitude of offset was not repeated in any other test in 

any other evaluation. Even though it may have been an error 

in experimental procedure, future studies should evaluate 

the repeatability of the transducer more rigorously than 

this study. 

Generally, the response of the transducer was quite 

acceptable. Even though it would be possible to eliminate 

sudden changes in reservoir weight, that did not correspond 

to the established rate of flow, with the microprocessor's 

programming the system benefits by the repeatability of the 

transducer. Suppose someone hung a towel on the intravenous 

reservoir or from the tubing proximal to the pumping 

mechanism. A reasonable reaction by the pump would be to 

tell the offending party to remove the weight. Since the 

transducer would indicate the same weight after the object 

was removed as before it was applied the pump would be able 

to distinguish between an easily corrected mistake and a 

condition where large quantities of fluid were being 
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released. The other source of a large, sudden weight change 

would be when the fluid leaked out of the reservoir. 

On the subject of talking infusion pumps, current 

technology makes talking computers easily realized. A 

problem has been found to exist with talking computers, 

however; people do not expect machines to talk. People have 

been somewhat shocked when confronted with a machine that 

talks back. An infusion pump that talked would probably be 

accepted and could make the man-machine interface much 

better. 

The results of the repeatability tests for small 

weight changes indicate the transducer can indicate fluid 

flow within a milliliter. This is an extremely valuable 

characteristic since flow stoppages could be detected after 

1 milliliter should have been pumped but was not. The 

processor controlling the pumping mechanism would establish 

an expected weight change per pump. Any change in the 

weight change per pump could indicate an occluded tube or a 

leak. 

The transducer used was repeatable, worst case, to 

0.27%. The typical repeatability figure was 0.02%; the 

manufacturers specified repeatability is .1%. The strain 

gage device has a specified repeatability of 0.01% full 

scale. 
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Stability 

Over a 20 hour test period the system drifted a total 

of 30 millivolts. At 4 millivolts per gram the error in 

flow measurement due to drift, or unstability, in the 

measurement system would be less than 10 milliliters in 20 

hours. The drift rate of the system is 0.5 milliliters per 

hour. The worst case drift per hour was recorded immedi

ately after starting-the test and amounted to 14 millivolts. 

Fourteen millivolts equates to 3 milliliters. A flow error 

of 3 milliliters could be significant if the flow rate was 3 

milliliters per hour. It is difficult to say if the trans

ducer caused the drift or the electronics. The electronics 

used in this study was an order of magnitude, at least, away 

from the state of the art dc, low drift, amplifiers 

available today in terms of drift specifications. The 

specification for the device is 10 millivolts per hour 

drift; the strain gage is specified to drift less than 0.03% 

of full scale in 20 minutes. The strain gage would then 

drift 9 millivolts per hour or less. This would correspond 

to less than one gram per hour. 

The stability evaluation of the measurement system 

did not consider temperature variations. Temperature 

variations could be significant during the operation of an 

infusion pump but, in most hospitals, temperature variations 

would be much less than the temperature range a pump should 

operate in. The stability test conducted was done in a 
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large building, similar to a hospital, and should be a good 

indication of the device's sensitivity to environmental 

changes. This study did not do a rigorous temperature study 

because the proper equipment was not available. The 

temperature characteristics of the device are quite 

satisfactory if one accepts the manufacturers specification. 

Accuracy 

Figure 8 presents the results of accuracy testing. 

At no time did the flow measurement error exceed 4 percent. 

The great majority of the data collected indicated the flow 

error was less than 2 percent. As one might expect, the 

flow error in percent decreases as the total flow increases. 

Even though the flow error, in percent, greatly exceeds 5 

percent at low flow rates, the total flow error never 

exceeds 10 milliliters. Since the flow error is less than 

10 milliliters the device would not create a medical 

emergency by injecting substantially too much or too little 

fluid. 

Stating that no medical emergency would be created by 

the infusion of 120 milliliters more or less than desired 

would not be an acceptable statement to a physician 

specializing in neo-natal care, or any application requiring 

the accurate injection of small amounts of fluid over a 

period of hours, the accuracy of the pump would not meet the 

accuracy of other, volumetric, pumps. 
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The inability of the designed system to control flow 

accurately at low flow rates is expected. The transducer 

measures the total reservoir weight at all times. When the 

weight of the fluid injected is small the signal, weight 

change, can be of the same magnitude as the drift of the 

system. From figure 6 it is evident that the output voltage 

changed 14 millivolts in 1 hour, with no change in weight. 

Therefore, it 14 millivolts is the drift per hour, then the 

error of the system must be at least 14 millivolts per hour. 

Fourteen millivolts equal 3 grams, or 3 milliliters of 

fluid. 

Assuming a 14 millivolt per hour drift, which is 

clearly the worst case indicated by figure 6, it is possible 

to generate a curve of flow error, in percent, verses flow 

rate. This curve is presented in figure 10. Figure 10 

indicates that when the flow rate is greater than or equal 

to 60 milliliters per hour, the flow error is 5 percent or 

less. If the flow rate is less than 60 milliliters per 

hour, the flow error may be greater than 5% for the first 

hour. If the assumption is made that the measurement system 

would continue to drift at 14 millivolts per hour, in one 

direction, then the device would never be accurate within 

5%. Experimental data does not support the 14 millivolt per 

hour constant drift assumption. Based on all the data 

received, from the linearity, repeatability and stability 
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evaluations, the device would determine flow rate accurately 

to within 5 percent whenever the total flow exceeded 60 

milliliters. 

If a therapy were to be done that required a flow 

rate, with high accuracy, of less than 60 milliliters per 

hour and a one liter reservoir were used it would take 17 

hours, or more to inject all 1000 milliliters. Perhaps, in 

situations where low flow rates at high accuracy is required 

this device is not the device of choice. 

Adjustment Range 

The devices ability to measure flow at rates from 1 

milliliter per hour to 1000 milliliters per hour was 

evaluated indirectly. Since time is a precisely known 

variable in the infusion pump, refer to figure 3, because of 

the microprocessor's extraordinary ability to measure time, 

the only factor affecting the devices ability to measure 

flow, at any rate, was found to be the bandwidth of the 

device. It was decided that the frequency characteristics 

would be measured by applying a large weight, in excess of a 

kilogram, and removing it. The frequency characteristics of 

the device were then evident by noting the rise time and 

settling time of the output voltage. The results of this 

investigation are presented in the evaluation of the devices 

repeatability. The device was able to measure changes of 

147.9, 442.7, 737.7 and 1032.7 grams in less than 3 seconds. 
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Figure 10. Flow rate error verses flow rate, worst case. 
This figure assumes a flow error of 3 
milliliters per hour and presents the percent 
flow error vs flow rate at the end of 1 hour. A 
flow error of 3 milliliters per hour is the 
worst case. 
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It is highly likely the devices output response time was 

determined by the low-pass filter, refer to figure 5, and 

not the transducer. Since the measurement device exhibits 

the ability to supply the microprocessor with the weight of 

the reservoir within 3 seconds of "a drastic weight change 

the high frequency response of the system is adequate. The 

device also exhibits the ability to measure an invariant 

weight, as proven by the stability tests. Since the device 

performed acceptably at both extremes of flow rate, and no 

data taken for any test indicates otherwise, the device 

should measure flow accurately at any flow rate. 

Discussion of Specification 

There are 12 sections in the chapter on 

specifications. The sections detail the desired operating 

characteristics of an infusion pump in the areas of: A) 

accuracy, B) adjustment range, C) alarm criteria, D) cost, 

E) electrical safety, F) electromagnetic interference, G) 

environmental factors, H) human factors, I) occlusion 

pressure, J) operation, K) physical standards and L) power 

requirements. The remainder of this chapter will summarize 

each specification and discuss the ability of the flow 

measurement device to assist the infusion pump in meeting 

the specifications. 

Accuracy. The accuracy specification calls for flow 

rate errors less than 5%, regardless of fluid pressure, at 
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any flow rate. The infusion pump designed around the flow 

measurement technique developed in this study should meet 

the specification for any flow rate greater than or equal to 

60 milliliters per hour. 

Adjustment Range. The specification calls for a flow 

rate range of 5 milliliters per hour to 1000 milliliters per 

hour with instant flow rate change. Any pump using the 

gravimetric flow measurement system detailed in this study 

would not be limited by the measurement .device in achieving 

the range of flow rates required. 

Alarm Criteria. Eight items are specifically 

addressed in the alarm specification. Items D, E, G, and H 

have no application to the measurement system. Item A, the 

detection of air in the tubing, can be detected by existing 

non-disposable sensors. The infusion pump designed based on 

this study should incorporate existing air detectors. The 

flow measurement system does not detect air bubbles. 

Item B states that an alarm should be generated when 

the proper flow rate cannot be attained. Since a pump using 

the gravimetric flow measurement technique senses flow rate 

by a means other than counting strokes of a pump or drops of 

fluid, which is how other pumps work, the new pump should be 

able to detect malfunctions in the pumping action of its own 

pumping mechanism. The pump proposed by this study has a 

significant advantage over other pumps in detecting when the 

pump cannot attain the desired flow rate. 
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Item C states that the pump should alarm when the 

distal pressure, to the pumping mechanism, changes 

dramatically. No currently available pump senses this as 

evidenced by the pumps without the generation of an alarm. 

The pump designed in this study can work with the tubing 

temporarily un-obstructed. When the tubing is not clamped 

shut flow will occur into the patient. If the 

microprocessor opens the tubing and a reduction of the 

reservoir's weight does not occur it would seem probable the 

tubing is occluded. 

Item F cites the emptying of the reservoir as an 

alarm criteria. The emptying of the reservoir would be 

sensed by the pump when the reservoir weight approached the 

weight recorded by the pump before the reservoir was applied 

and no weight change was recorded when the pumping mechanism 

was actively pumping. 

Cost. The cost specification concerns the selling 

price of the unit and the recurrent costs of operation. At 

the time the transducer was acquired it cost 425 dollars, in 

quantities of 1 to 10. The cost of the electronics used to 

support the LVDT was around 100 dollars. Perhaps when the 

design is mass produced the cost of the transducer and 

electronics will be reduced to 3 50 dollars. The recurrent 

cost of operation involves replacing the tubing that 

contacts the pumping mechanism, see figure 2c. This section 

of tubing could be made of 2 fittings and a length of 



92 

silicone rubber tubing. The cost of the tubing and fittings 

should be under one dollar. The cost of this system is well 

inside the limits established by the specification. 

Electrical Safety. The transducer and electronics 

was approved for use in a hospital by the biomedical 

engineering department of the Arizona Health Sciences 

Center, University Hospital. The transducer and electronics 

represent the only variation from existing infusion pumps 

that are approved for hospital use. The design should pose 

no problem to an infusion pump meeting the electrical safety 

specification. 

Electromagnetic Interference. The designed system 

was not evaluated with respect to any of the constraints 

established in this specification. Similar technology is in 

use in hospitals and has been approved so there is no reason 

to believe the design will fail this specification's 

requirements. 

Environmental Factors. No evaluation was done in 

this area. The data sheet supplied by the manufacturer of 

the load cell indicate the device will withstand the 

temperature variations detailed in the specification. 

Human Factors. The human factors specification only 

applies to the flow measurement system in that the 

measurement system must be easy to opeate. Since the entire 

process of evaluating the device was done with one hand and 
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without any difficulty the flow measurement device can meet 

this specification. 

Occlusion Pressure. This specification states the 

pressure distal to the pumping mechanism should not exceed 

the pressure proximal to the mechanism. For reasons 

discussed in the section on alarms, page 90, it seems the 

pump designed in this study could monitor occlusion 

pressure. It was far beyond the scope of this study to 

determine if the proposed pump could detect occluded tubing, 

extravasation or, perhaps, the removal of the needle from 

the patient. 

Operation. This specification in no way applies to 

the measurement device and will not be discussed. 

Physical Standards. The transducer, which is not 

contained in the pump's main housing, see figure 1, weighs 

0.5 pounds and is 3" high, and 1.5" in diameter. The rest 

of this specification applies to the main body of the pump 

and will not be discussed. The transducer would not be 

objectionable in clinical use. 

Power Requirements. The power requirements for the 

transducer are + 15 volts at 25 milliamps and 5 volts at 10 

milliamps. The transducer does not represent a significant 

power supply problem nor will it cause a battery backup 

supply to be depleted in less time than allowed by the 

specification. 



CHAPTER 8 

CONCLUSION 

This study examines the uses, limitations and assets 

of the intravenous pump. The primary asset of the infusion 

pump is the accurate flow rate control of intravenous 

fluids. The major limitations of infusion pumps are econo

mic and medical. The economic problem of infusion pumps 

arises because of the pumping chamber's cost. These 

chambers are not re-usable, are changed at least once a day 

and cost 5 to 8 dollars apiece. Medical problems include 

injecting fluid into the tissue instead of the blood vessel, 

or injecting the fluid at the wrong rate. This study sought 

to develop a new method of intravenous flow rate control. 

The method developed by this study would have all the good 

characteristics of a state of the art infusion pump and 

would exhibit as few of the limitations of current pumps as 

possible. 

The method chosen consists of continuously weighing 

the intravenous reservoir. Flow can be determined by noting 

change in reservoir weight. The information obtained by 

weighing the reservoir is used to control a pump; since the 

pump is regulated, an inaccurate, inexpensive pump can be 

used. A good estimate of the cost to the consumer of the 
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pumping chamber required would be 1 to 2 dollars. Since the 

pumping chamber cost is the only recurring cost in the pump, 

a cost savings between 3 and 7 dollars per day could be 

realized with the pump designed in this study. 

The pump designed in this study was not built. The 

flow measurement device, a linear variable differential 

transformer based load cell, was evaluated in the laboratory 

to determine the feasibility of the approach. The labora

tory evaluation addressed one area of interest, accuracy. 

The laboratory evaluations were constructed to determine the 

output voltage verses weight relationship of the device and 

then, using the relationship, the ability of the device to 

measure various weight changes. The weight changes ranged 

from one gram to over one thousand grams. The stability of 

the device was also evaluated. 

The results of the laboratory testing indicate the 

output voltage verses weight is linear to within 0.5 

percent. The accuracy testing of the device indicates that 

the device predicts actual fluid flow within 10 grams, or 

milliliters, at all times. Flow measurement is not affected 

by flow rate or flow duty cycle. The device's stability 

test consisted of measuring a fixed weight for 20 hours; the 

results indicate a maximum drift of 3 grams. The device is 

also insensitive to changes in fluid pressure distal to the 

pumping mechanism. 
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Since the pump was not built it is not possible to 

determine the ability of the design to avoid pumping fluid 

into tissue. Even though a proper evaluation was not done 

it is worthwhile to note that the pump design allows for the 

free flow of fluid into the patient. Such flow will occur 

when the pumping mechanism does not occlude the intravenous 

fluid path. When the pump operated in an environment where 

extravasation was highly undesirable, the pumping mechanism 

could act as a flow restrictor, not as a pump. Recent 

literature suggests the best way to administer intravenous 

fluids in situations where extravasation is highly undesi

rable is by gravity, or free flow with some sort of flow 

restrictor (Ayalon, 1978). 

The concept of continuously weighing the intravenous 

reservoir as a means of regulating intravenous fluid flow 

rates has been found to be quite acceptable in laboratory 

testing for flow rates greater than 60 milliliters per hour. 

Since a good deal of intravenous therapy is conducted with 

flow rates greater than 60 milliliters per hour, the pump 

built using the gravimetric flow measurement system should 

have a beneficial impact on health care. 



APPENDIX A 

This appendix contains the data that was used in 

making figure 8. All weight entries are in grams and are 

the weight of the collection flask, see figure 7. All 

voltage entries are in volts and are the output voltage of 

the measurement system at the time the weight of the flask 

was as indicated in the corresponding weight entry. 

The voltage to weight ratio of the transducer 

electronics was changed as the author tried to improve the 

resolution of the system because a 3 digit voltmeter was 

used. The voltage to weight ratio is changed by adjusting 

R6, figure 5. 

Each table represents data taken at one test. There 

were 8 separate tests conducted. 
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Table A. Accuracy Data 

Flow rate 50 milliliters per hour; 
1.78 volts per kilogram. 

TEST NUMBER I WEIGHT | OUTPUT VOLTAGE 

1 187.2 1.993 
2 216.0 1.944 
3 268.5 1.848 
4 302.7 1.788 
5 304.9 1.785 

6 307.3 1.781 
7 327.5 1.746 
8 372.9 1.663 
9 431.9 1.559 
10 534.4 1.375 

11 545.0 1.357 



Table B. Accuracy Data. 

Flow rate 25 milliliters per hour; 
3.82 volts per kilogram. 

TEST NUMBER I WEIGHT | OUTPUT VOLTAGE 

1 360.7 -4.006 
2 451.5 -3.669 
3 466.9 -3.610 
4 493.3 -3.510 
5 554.2 -3.280 

6 582.4 -3.173 
7 635.2 -2.976 
8 671.4 -2.840 
9 694.4 -2.753 
10 727.5 -2.627 

11 755.8 -2.519 
12 790.5 -2.386 
13 819.0 -2.274 
14 843.6 -2.179 
15 870.6 -2.076 

16 904.0 -1.948 
17 937.4 -1.819 
18 999.5 -1.582 
19 1030.6 -1.460 
20 1077.8 -1.279 

21 1104.4 -1.178 
22 1141.0 -1.034 
23 1182.1 -0.876 
24 1204.7 -0.789 
25 1258.4 -0.583 

26 1298.5 -0.425 



Table C. Accuracy Data. 

Flow rate 40 milliliters per hour; 
5.01 volts per kilogram. 

TEST NUMBER I WEIGHT | OUTPUT VOLTAGE | 

1 208.3 -4.168 
2 216.0 -4.133 
3 226.0 -4.081 
4 231.0 -4.056 
5 236.0 -4.030 

6 239.0 -4.016 
7 245.0 -3.986 
8 250.0 -3.962 
9 255.0 -3.939 
10 260.0 -3.915 

11 265.0 -3.887 
12 270.0 -3.866 
13 275.0 -3.839 
14 280.0 -3.812 
15 282.0 -3.802 

16 284.0 -3.790 
17 288.0 -3.771 
18 290.0 -3.761 
19 292.0 -3.750 
20 294.0 -3.739 

21 299.1 -3.714 
22 302.0 -3.699 
23 305.0 -3.683 
24 310.0 -3.657 
25 320.0 -3.611 

26 320.7 -3.605 



Table D. Accuracy Data. 

Flow rate 20 milliliters per hour; 
5.25 volts per kilogram. 

TEST NUMBER | WEIGHT | OUTPUT VOLTAGE 

1 317.4 -3.609 
2 317.5 -3.611 
3 320.0 -3.596 
4 322.0 -3.585 
5 324.0 -3.577 

6 326.0 -3.565 
7 328.0 -3.556 
8 335.0 -3.518 
9 346.0 -3.458 
10 351.3 -3.427 

11 368.4 -3.341 



Table E. Accuracy Data. 

Flow rate 20 milliliters per hour; 
5.40 volts per kilogram. 

TEST NUMBER I WEIGHT | OUTPUT VOLTAGE 

1 352.7 -3.349 
2 353.0 -3.345 
3 353.3 -3.340 
4 356.0 -3.324 
5 358.0 -3.309 

6 367.5 -3.282 
7 370.0 -3.258 
8 377.7 -3.204 
9 385.5 -3.163 
10 390.0 -3.136 

11 400.0 -3.081 
12 406.0 -3.050 
13 410.0 , -3.029 
14 432.9 -2.908 
15 467.7 -2.730 



Table F. Accuracy Data. 

Flow rate 240 milliliters per hour; 
5.50 volts per kilogram. 

TEST NUMBER I WEIGHT | OUTPUT VOLTAGE 

1 447.4 -2.764 
2 450.0 -2.747 
3 455.0 -2.722 
4 460.0 -2.700 
5 465.0 -2.666 

6 470.0 -2.636 
7 475.0 -2.609 
8 480.0 -2.581 
9 485.0 -2.553 
10 490.0 -2.531 

11 495.0 -2.501 
12 500.0 -2.475 
13 505.0 -2.446 
14 510.0 -2.423 
15 515.0 -2.395 

16 520.0 -2.366 
17 525.0 -2.341 
18 530.0 -2.312 
19 535.0 -2.287 
20 550.0 -2.203 

21 567.0 -2.111 
22 590.0 -2.040 
23 595.0 -1.959 
24 620.0 -1.820 
25 625.0 -1.794 



Table G. Accuracy Data. 

Flow rate 240 milliliters per hour; 
5.50 volts per kilogram. 

TEST NUMBER | WEIGHT | OUTPUT VOLTAGE 

1 625.8 -1.779 
2 630.0 -1.754 
3 635.0 -1.726 
4 640.0 -1.700 
5 650.0 -1.649 

6 655.0 -1.619 
7 680.0 -1.481 
8 700.0 -1.374 
9 720.0 -1.265 
10 740.0 -1.151 

11 765.0 -1.013 
12 765.7 -1.001 
13 199.6 -1.004 
14 225.0 -0.858 
15 238.0 -0.788 

16 255.0 -0.695 
17 270.0 -0.610 
18 290.0 -0.501 
19 300.0 -0.449 
20 310.0 -0.392 

21 320.0 -0.338 
22 340.0 -0.230 
23 360.0 -0.120 
24 380.0 -0.011 
25 410.0 0.153 

26 425.0 0.237 
27 460.0 0.427 
28 490.0 0.592 
29 510.0 0.697 
30 530.0 0.807 

I I 

At step number 12 the beaker was emptied. 



Table G.—Continued 

•  — ™  — ~  — — — —  — — — — — — — —  

I TEST NUMBER I WEIGHT | OUTPUT VOLTAGE 

31 555.0 0.955 
32 570.0 1.038 
33 590.0 1.152 
34 610.0 1.257 
35 640.0 1.429 

36 685.0 1.676 
37 700.0 1.760 
38 720.0 1.871 
39 740.0 1.980 
40 746.1 * 2.009 



Table H. Accuracy Data. 

Flow rate 40 milliliters per hour; 
5.50 volts per kilogram. 

TEST NUMBER | WEIGHT | OUTPUT VOLTAGE 

1 206.2 -3.955 
2 212.3 -3.924 
3 222.9 -3.866 
4 231.0 -3.815 
5 240.0 -3.766 

6 255.0 -3.684 
7 258.2 -3.666 
8 266.5 -3.620 
9 272.9 -3.595 



APPENDIX B 

PUMP MANUFACTURERS 

Volumetric Pumps 

Abbott Laboratories 
Abbott Park 
P. 0. Box 68 
North Chicago, IL 60064 
Phone: (312) 688-6100 
Pump: Abbott/Shaw Life Care IV Pump 

IMED Corporation 
9925 Carroll Canyon Road 
San Diego, CA 92307 
Phone: (800) 854-2210 
Pumps: model 960 - IMED Corporation 

model 927 - IMED Corporation 
model 922 - IMED Corporation 
model N7922 - McGraw Laboratories 

IVAC Corporation 
P. 0. Box 2385 
La Jolla, CA 92038 
Phone: (800) 854-2778 
Pump: IVAC 600 Volume Pump 

Peristaltic Pumps 

Extracorporeal Medical Specialties, Inc. 
Royal and Ross Roads 
King of Prussia, PA 19406 
Phone: (215) 337-2400 
Pumps: Extracorporeal and Holter Pumps 

model 900 
model 1200 

IVAC Corporation 
P. 0. Box 2385 
La Jolla, CA 92038 
Phone: (800) 854-2778 
Pumps: IVAC 530 Infusion Pump 

IVAC 500 Infusion Pump 
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La Barge, Inc. 
Medical Products Division 
500 Broadway Building 
St. Louis, MO 63102 
Phone: (800) 325-3363 
Pump: La Barge Infusion Pump 

model 2051 

Sage Instruments Division of Orion Research 
380 Putnam Avenue 
Cambridge, MA 02139 
Phone: (617) 864-5400 
Pump: Sage Four-Channel Precison Peristaltic Pump 

model series 370 

Scientific Industries, Inc. 
150 Herriks Road 
Mineola, NY 11501 
Phone: (516) 567-4700 
Pumps: Scientific Industries Peristaltic Infusion Pumps 

models 200 series, 400 series, 600 series 

Sigmamotor Inc. 
14 Elizabeth Street 
Middleport, NY 14105 
Phone: (716) 735-3616 
Pump: Sigmamotor Volumet 

Controllers 

Burron Medical Products, Inc. 
824 Twelfth Avenue 
Bethlehem, PA 18018 
Phone: (215) 691-5400 
Controller: Burron Epic Infusion Controller 

IVAC Corporation 
P. O. Box 2385 
La Jolla, CA 92038 
Phone: (800) 854-2778 
Controller: IVAC 230 Controller 



APPENDIX C 

The following is a listing of the computer program 

used to obtain the stability data presented in figure 6. 

This program was run on the PDP 11 computer in the clinical 

engineering laboratory of the University of Arizona. 

109 



/ 
110 

C GENERAL DESCRIPTION OF THE PROGRAM 
C 
C 
C HOURS IS VARIABLE THAT DETERMINES HOW MANY 
C TIMES THE COMPUTER WILL PRINT OUT INFORMATION ON THE 
C SYSTEM. TOGETHER WITH PARTS THE NUMBER OF TIMES THE 
C SYSTEM IS TO BE SAMPLED IS SET. PARTS DETERMINES 
C THE NUMBER OF TIMES THE COMPUTER WILL EXAMINE THE 
C SIGNAL PER HOUR. 
C 
C THIS PROGRAM SAMPLES THE OUTPUT OF AN 
C ELECTRONIC SYSTEM 400 TIMES PER SECOND. IT THEN 
C FINDS THE AVERAGE OF THE SAMPLES RECEIVED. THE 
C ABOVE PROCESS IS REPEATED CONTINUOUSLY FOR 20 HOURS. 
C AT THE END OF THE 20 HOUR INTERVAL THE FOLLOWING 
C DATA WILL BE MADE AVAILABLE: 
C 
C 1) THE AVERAGE OUTPUT VOLTAGE OVER 1 
C HOUR, 20 AVERAGE VOLTAGES WILL BE 
C LISTED. 
C 2) THE PERCENTAGE OF OUTPUT VOLTAGE 
C READINGS THAT ARE WITHIN 5 
C MILLIVOLTS OF THE AVERAGE OUTPUT 
C VOLTAGE. 
C 3) THE PERCENTAGE OF OUTPUT VOLTAGE 
C READINGS THAT ARE WITHIN 10 
C MILLIVOLTS OF THE AVERAGE VALUE. 
C 4) THE PERCENTAGE OF OUTPUT VOLTAGE 
C READINGS ARE NOT WITHIN 10 
C MILLIVOLTS OF THE AVERAGE VALUE. 
C  5 ) 2  T H R O U G H  4  W I L L  B E  L I S T E D  F O R  E A C H  
C HOUR. 
C 
C THE RESOLUTION OF THE MACHINE IS ONE PART IN 
C 4096, THE INPUT VOLTAGE MUST BE BETWEEN 5.12 AND 
C -5.12 VOLTS. THE INPUT CHANNEL USED IS NUMBER 0, 
C SINGLE ENDED OPERATION IS USED. 
C 
C PROGRAM STATEST, TESTS STABILITY - LONG TERM 
C 
C MAIN PROGRAM 
C 
C 
C MEAN IS THE MEAN VOLTAGE. 
C CI IS THE % OF VOLTAGES WITHIN 5 MV OF THE MEAN. 
C C2 IS THE % OF VOLTAGES WITHIN 10 MV OF THE MEAN. 
C C2 IS THE % OF VOLTAGES NOT WITHIN 10 MV OF THE 
C MEAN. 
C A IS THE ARRAY THAT HOLDS THE AVERAGE VALUE OF THE 
C VOLTAGE, SECOND BY SECOND. THERE ARE 3600 SECONDS 
C IN AN HOUR. 
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COMMON IBEF,ICMF,IBUF,SUM 
INTEGER PARTS 
INTEGER HOURS 
INTEGER IBUF(500) 
INTEGER CI(20) 
INTEGER C2(20) 
INTEGER C3(20) 
REAL MEAN(20) 
DIMENSION A(3600) 
TYPE 40 

40 FORMAT ('0 TYPE HOURS, 13') 
ACCEPT 41, HOURS 

41 FORMAT (13) 
TYPE 42 

42 FORMAT ('0 TYPE HOURS, 15') 
ACCEPT 43, PARTS 
PARTSR=PARTS 

43 FORMAT (15) 
DO 100 J=l,HOURS 

C IC1 IS THE # OF VOLTAGES WITHIN 5 MV IN AN HOUR. 
C IC2 IS THE # OF VOLTAGES WITHIN 10 MV IN AN HOUR. 
C IC3 IS THE # OF VOLTAGES NOT WITHIN 10 MV IN AN 
C HOUR. 

IC1=0 
IC2=0 
IC3=0 
B-0.0 

C THE FOLLOWING DO LOOP CAN REQUIRE ONE HOUR, 
C REAL TIME TO COMPLETE DEPENDING ON THE VALUE OF 
C PARTS. PARTS EQUALS THE NUMBER OF SECONDS IN 
C REAL TIME. ERRORS WILL OCCUR IN THE TIME FRAME OF 
C THIS TEST DUE TO THE COMPUTER HAVING TO DO SOME 
C NUMBER CRUNCHING AT THE END OF ONE 'HOUR', (NOT 
C NECESSARILY REAL TIME). 
C DUE TO THE RELATIVELY SHORT AMOUNT OF TIME THE 
C COMPUTER WILL BE NUMBER CRUNCHING, AS COMPARED TO 
C THE AMOUNT OF TIME THE COMPUTER WILL BE SAMPLING 
C THE ERROR WILL BE IGNORED. 

DO 200 1=1,PARTS 
CALL ATOD 
B=B+SUM 

200 A(I)=SUM 
MEAN(J)=B/PARTSR 
DO 202 1=1,PARTS 
IF (A(I).GT.(MEAN(J)+0.010))GO TO 300 
IF (A(I).LT.(MEAN(J)-O.OIO))GO TO 300 
IF (A(I).GT.(MEAN(J)+0.005))GO TO 302 
IF (A(I).LT•(MEAN(J)-0.005))GO TO 302 
IC1=IC1+1 
GO TO 202 

300 IC3=IC3+1 
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GO TO 202 
IC2=IC2+1 
CONTINUE 

HAVING FOUND THE NUMBER OF TIMES IN THE HOUR 
THAT THE OUTPUT VOLTAGE WAS IN A SPECIFIED RANGE IT 
IS NOW TIME TO STORE THE RESULTS. 

Cl(J)=IC1 
C2(J)=IC2 
C3(J)=IC3 

AT THIS POINT THE COMPUTATION IS COMPLETE, NOW 
THE DATA MUST BE PRINTED OUT, BUT ONLY ON COMMAND. 
IT WOULD BE A REAL WASTE TO DISPLAY THE DATA WHEN NO 
ONE WAS AROUND THAT COULD RECORD THE DATA. 

TYPE 71 
FORMAT('0 PASSWORD') 
ACCEPT 72, IKEY 
FORMAT(16) 
IF(IKEY.NE.345)GO TO 70 
TYPE 80 
DO 85 1=1,HOURS 
TYPE 82, I, MEAN(I),CI(I),C2(I),C3(I) 
FORMAT('0# AVERAGE <1 GRAM <2 

GRAMS >2 GRAM') 
FORMAT( '0',13, ' \F11.5 ' , 18 , ' 

18 ,' \I7) 
STOP 
END 

END OF MAIN PROGRAM 

START A TO D SUBROUTINE 

ALL DOCUMENTATION FOR THIS PROGRAM IS FOUND IN 
THE DOCUMENT, EXTENSIONS USERS GUIDE, ON PAGES 1-16. 

SUBROUTINE ATOD 
DIMENSION IBUF(500) 
COMMON IBEF,ICMF,IBUF,SUM 
EXTERNAL SUB1 
ICMF=0 
SUM=0.0 
CALL RTS(IBUF,500,5,500,0,,,2,ICMF,IBEF,,SUB1) 
ICMF1=0 
CALL SETR(4,9,2.0,ICMF1) 
CALL LWAIT(ICMF,0) 
CALL SETR(-1, ,,) 
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SUM=SUM/500.0 
RETURN 
END 

C 
C END OF A TO D SUBROUTINE 
C 
c 
C BEGIN SUB1 EXTERNAL 
C 
C 

SUBROUTINE SUB1 
DIMENSION IBUF(500) 
COMMON IBEF,ICMF,IBUF,SUM 
DATA ICALL/0/ 
ICALL=ICALL+1 
IF(ICALL.LE.5)GO TO 2 
ICALL=1 

2 DO 100 I=((ICALL-1)*100)+1,ICALL*100 
100 SUM=SUM+(IBUF(I)-2048) 
3 IBEF=IBEF+1 

RETURN 
END 
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