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ABSTRACT 

The implementation of an automated fluid handling system for a 

broad based biochemical research laboratory on the Space Station is proposed. 

The requirements of NASA and the functions of the Center for Separation Sci

ences are reviewed. The principles of selection for automated and robotic tech

nologies are stated. A research study of the state of the art in clinical labora

tory automation reveaJs that ground based equipment will need substantial 

modification for a microgravity environment. The microgravity problems of 

contamination and containment require no air/liquid interfaces and contained 

pump, syringe or mechanical force driven fluid transfers. Minimal on board 

Space Station human/machine interaction is recommended. A 6 d.f. robotic 

system with an integrated 2 d.f. testing module and the telepresence of ground 

based principal investigators is optimal. Steps for the building of a system pro

totype including container and cleaning system design, remote manipulation 

and software development are suggested. 



1. INTRODUCTION 

This report concerns itself with the development of an automated 

fluid handling system which will meet the basic research needs of a biochemical 

laboratory on the Space Station. Interest in this study was generated by the 

Center for Separation Sciences at the University of Arizona. The Center is a 

NASA funded research facility which seeks to advance the science of protein 

separation with particular relevance to the advantages of a microgravity 

environment. The Center has had experiments aboard past NASA Shuttle 

flights, and it expects to be an active participant in ongoing scientific research 

aboard the Space Station. One of the mayor contributions of the Center to the 

field of separation sciences has been the development of unique instrumentation 

for use in the separation techniques of isoelectric focusing, electrophoresis and 

isotachophoresis. 

In planning for the Space Station in the future, NASA is seeking 

input as to the feasibility and viability of a space based research laboratory 

which would be useful to the members of the biotechnical community as a facil

ity for conducting research in the microgravity environment. The facility 

envisioned is one that would be "functional" in nature and meet the needs of a 

broad spectrum of the scientific community. In aspiring to design this lab, 

there is a call, generated by a Congressional mandate, to stress the implemen

tation and advancement of automated and robotic technologies within the 

framework of meeting the needs of the Space program. The Center for Separa

tion Sciences hopes to automate many of its ground based procedures in a 
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manner compatible with the requirements of the Space Station. 

Basic to the task of any systems engineering assignment is the identif

ication of the user and the definition of the user's operational needs. From 

this, the necessary system requirements can be developed. In the case of this 

study, the assignment to design a laboratory was vague and undefined in terms 

of the user, the needs of the user, as well as the scope of experiments and 

processes to be performed in such a laboratory. Bearing all this in mind, it was 

decided to focus on the problem of developing an effective fluid handling sys

tem since such a system would be useful and necessary to any functioning 

laboratory. Thus, this report focuses on the implementation of such a system, 

and does not pretend to meet the abundant needs of a specific user. 

The assumption has been made that such a system ultimately will 

have to be adapted to the demands of a more clearly defined user population. 

At this point, such a population has not been defined, and it is difficult to anti

cipate whether the fluid handling system will have to function in conjunction 

with large scale commercial operations, small scale research operations or some

where in between. In general, this report seeks to accommodate all types of 

users, but is slanted more towards the instrumentation needs of a research 

facility with limited tests and small quantities. 

Therefore, this report deals with the physical aspects of transferring 

and measuring small quantities of fluids, and assumes a limited number of com

mon tests, such as pH measurement, conductivity measurement, and ultraviolet 

spectrum measurement might be performed upon such fluids. 

The task of automating a fluids handling system in the microgravity 

environment aboard the Space Station poses many questions relating to the 
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optimal choice of automation under these special circumstances. While the 

advantages of automation in many ways seem to be self-evident, decisions 

regarding which procedures should be automated, to what degree these pro

cedures should be automated, and what types of automation can most 

appropriately be employed requires careful study baaed upon cost effectiveness, 

available technology, human resource trade-offs, safety precautions and the 

demands of a Space Station environment. Consequently, in researching the 

parameters of an effective automated fluid handling system, inquiry has been 

focused upon the following areas: 

1) The basic needs of the laboratory in terms of fluid handling 

2) The fundamental problems characteristic of a space-based research 

laboratory 

3) The state of the art in automation, with focus on a laboratory set

ting 

4) The recommended modes of human/machine interaction. 

The content of the report follows along the lines of the development 

of the research study. Chapter 2 seeks to orient the reader from an engineering 

discipline to the historical and scientific basis for this study by explaining in 

detail the background of the report. Section 2.1 deals with the history, person

nel and professional concerns of the Center for Separation Sciences and explains 

the processes and instrumentation related to electrophoresis, isoelectric focusing 

and isotachophoresis. Section 2.2 explains NASA's involvement with micrograv-

ity research, its projected vision for the Space Station, and its commitment to 

the use and development of automated and robotic technologies. Chapter 3 is 

directed towards the biotechnical reader and thus it gives an overview of 
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current principles and applications of modern automation, and defines the 

situations in which they are most applicable. Chapter 4 discusses a fluid han

dling system in its relationship to scientific research, NASA's interests and 

modern automated technology. Chapter 5 contains the main body of research 

that was done for the report. In particular, section 5.1 investigates the opera

tions and procedures of a small research laboratory with respect to fluid han

dling. Section 5.2 summarizes the state of the art in modern automated clinical 

laboratory equipment. Section 5.3 explains how the microgravity environment 

influences the design of any system which is meant to function under micro-

gravity conditions and points to the major related concerns of any system 

which is to be designed. Section 5.4 is a discussion of the considerations and 

tradeoffs in assessing the use of human beings in the Space Station environ

ment. Section 5.5 describes the possible range of experiments to be conducted 

within the laboratory. Chapter 6 draws together the implications of the 

research and outlines the principal problems to be faced in modifying ground 

based technology. In its conclusions, Chapter 6 indicates what needs to be 

done on two levels: first, as an overview of the system principles to be 

employed and second, as a set of short term specific goals to be implemented. 

Finally, Chapter 7 attempts to highlight a plan of action for the "next step" 

which is beyond the scope of this study. 



2. BACKGROUND 

2.1 The Center for Separation Sciences 

Due to the recent far reaching advances in genetic engineering and 

the allied fields of monoclonal antibodies, synthesis or isolation of individual 

genes and the synthesis of peptide hormones, the need for a sophisticated purif

ication technology that can artfully and accurately separate proteins has 

become a pressing concern for current biotechnology [1]. Biologies are often 

first obtained in the form of crude extracts which are heavily contaminated by 

extraneous matter. For example, the host cells, the modified microorganisms 

or the hybrid, which are employed in cancer research, may contain over 5,000 

proteins, only one of which is the desired active principal [2]. 

The Biophysics Technology Laboratory (BTL) was established in 

1977 under the aegis of the Engineering Experimental Station at the University 

of Arizona for the specific purpose of developing advanced methods for the 

separation of biologies. The Center for Separation Sciences, which has evolved 

out of the BTL, has concentrated its research in 4 major areas [1,2]: 

1) the development of focusing instruments 

2) ground based pharmaceutical research 

3) mathematical modeling of electrophoretic processes 

4) the development of experiments aboard the space shuttle. 

The Director of the Center, Dr. Milan Bier, is a noted authority on 

electrophoresis and biotechnology, and as such, his research interests include 
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laxge scale electrophoresis, membrane processes, plasma fractionation, and the 

chemical modification of enzymes [3]. He has been part of the NASA program 

on Materials Processing in Space since its inception, and has participated as 

Principal Investigator or co-investigator in space experiments aboard Apollo 16, 

Skylab IH, Apollo-Soyuz, and the STS-11 missions. Dr. Findlay E. Russell, 

Associate Director of the Center, whose main interests lie in protein and toxin 

purification, has been a part of numerous NASA Life Sciences projects. Dr. 

David Sammons, Associate Director for Industrial Relations and Senior 

Research Scientist, has his major research interests in the characterization of 

cellular membranes and proteins, diagnostic marker proteins in cancer and dia

betes, regional mapping of brain peptides and gel silver staining. Other Senior 

Research Scientists at the Center include: Dr. Wolfgang Thormann, whose 

major interests are the fundamentals of electrophoresis and sample detection 

and automation in instrumental analysis; Dr. Richard A. Mosher, whose major 

areas of interest include the optimization of chemically defined buffer systems 

for isoelectric focusing, and computer simulation of electrophoretic processes; 

and Dr. Ned Egen, who directs the prepreparative scale fractionation program, 

and whose interests include the purification of monoclonal antibodies, tissue 

extracts and synthetic peptides. 

The ultimate goal of the Center is to achieve long term commercial 

production of biologies in microgravity in the space environment, based upon 

the dynamic interaction of both ground based and space based research [1]. As 

such, the Center intends to concentrate its future research in the areas of 

microgravity, separation processes and computer simulations. In particular, the 

microgravity research will concentrate on methods of operation with proteins in 
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free solution. Pharmaceutical research will encompass the purification of pep

tides and the development of biosensors. Finally, since the simulation of elec-

trophoretic processes is not common in the field of separations, the work in 

modeling,. numerical treatment and validation studies will continue to be 

unique. 

As a leader in the field of developing new high resolution protein 

separation technologies, the Center uses three main separation techniques: elec

trophoresis, isoelectric focusing and isotachophoresis. 

Electrophoresis is a technique used to fractionate particulate and 

soluble materials based upon their differential migration- in an electric field 

using a fluid medium to provide the supporting environment [1,2,4,5]. Con

tinuous flow electrophoresis imposes a lateral electric field across a vertical 

channel through which a buffer solution moves slowly under the influence of a 

pressure gradient. A sample stream is continuously injected into this flow and 

carried through the electrode region where particles in the sample stream 

migrate laterally at speeds corresponding to their respective electrophoretic 

mobilities. If the sample contains some particles of one mobility and the 

remaining particles of another, a complete separation will occur when the 

residence time is sufficient. With more complicated populations, fractionation 

occurs and the various fractions may be collected continuously at the outlet. 

Isoelectric focusing (IEF) is a variant of electrophoresis in which 

amphoretic substances, i.e., substances capable of reacting chemically either as 

an acid or as a base, are separated in a pH gradient according to their isoelec

tric points [1,4,5,6]. In IEF, proteins migrate (i.e. focus) to the pH region 

corresponding to the isoelectric point where they become immobilized due to 
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zero net charge. The isoelectric point of a protein is a characteristic parameter, 

and analytical IEF can resolve proteins differing by only 0.01 pH units. The 

pH gradient is established "naturally" through the focusing of appropriate 

buffer mixtures. The capabilities of isoelectric focusing are outstanding when 

compared to electrophoresis in terms of the high analytical resolution, the sim

plicity of the apparatus involved, and the ability of an experiment to run for 

days and recover from acceleration fluctuations. 

In isotachophoresis (ITP), separation is achieved by introducing a 

sample at the interface of two distinct buffers: the leading electrolyte and the 

terminating electrolyte [1,7]. When a DC current is applied to the solution, the 

sample components separate according to their net mobilities. Each separated 

zone is constant in its concentration. The system reaches steady state when 

each sample zone moves with the same velocity. The velocity is a product of 

the electric field strength and the net mobility of the zone. Thus, the leading 

zone, i.e., that with the highest mobility, will have a correspondingly small 

electric field. The zones closest to the terminating electrolyte will have the 

largest electric field. The separated zones are each characterized by a distinct 

constant voltage gradient which results in a stepwise increase in the electric 

field from the leading to the terminating electrolyte. The steady state boun

dary areas, which mark the transition between a pair of sample components, 

are characterized as- containing marked differences in concentration, conduc

tivity, pH value, temperature, absorbence and refractive index. 

At present, chromatography, which is characterized by large quan

tity separations of relatively low resolution, rather than electrophoresis is util

ized in the large scale production of most biologicals [1,2]. Thus, the emphasis 
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in. instrumentation for electrophoresis has been centered on achieving increased 

throughput without sacrificing the high resolution of electrophoretic techniques. 

Several instruments are under study for implementation as large scale purifiers. 

The Recycling Isoelectric Focusing Apparatus (RIEF), developed by 

Dr. Bier, utilizes a unique recycling principle [1,8]. The protein-containing 

solution to be fractionated is recycled through a multi-compartmented focusing 

cell comprised of a parallel array of monofilament nylon screen filter elements 

which laminarate the flow of the fluid, thus eliminating the problems of boun

dary distortions commonly observed in other continuous flow electrophoresis 

machines. Joule heat is dissipated in the multichanneled heat exchange reser

voirs, rather than in the focusing apparatus itself, thereby overcoming the 

inherent throughput constraints of isoelectric focusing. In each pass through 

the focusing cell, some migration of proteins toward their isoelectric points is 

obtained, thus re-equilibrating the contents of the reservoirs. Finally, a steady 

state distribution of proteins is achieved, each protein having migrated to the 

reservoir closest to its isoelectric point. 

The Rotofor, also developed at the Center, is a miniaturized IEF 

apparatus, with priming volume of only 40 ml., more suited to small analytical 

fractionation [1]. 

The Biostream, now being evaluated by the Center, was developed 

at the Harwell Atomic Energy Establishment in England [1,2]. It is based upon 

the principle of centrifugal electrophoresis and is noted for its large capacity 

(up to 100 grams of protein per hour), although it lacks the resolution of the 

RIEF. 



10 

The Center also has just begun using an Elphor Electrophoresis Sys

tem developed by the German company, Bender and Hobein [9]. The 

apparatus can achieve the techniques of free flow electrophoresis, isoelectric 

focusing and isotachophoresis by continuous and simultaneous separation and 

fractionation of samples in an array of 90 exit tubes. The samples are collected 

in 90 individual containers. The major benefits of this apparatus are improved 

separation efficiency and/or increased preparative throughput (1 ltr./hr.) and a 

high cooling capacity. 

Since its inception, the Center has been closely allied with NASA. 

A large amount of its research, both ground based and in space, has been sup

ported by NASA. The RIEF was developed under NASA's sponsorship [4,8]. 

It was first proposed for operation in microgravity, although it has proven to 

be quite effective in its ground based operation. The RIEF currently processes 

samples ranging in volume from 200 ml. to 10 liters. The potential benefits of 

microgravity are still being investigated. 

In electrophoretic separations, fluid disturbances can arise from two 

causes: gravity-dependent convection and gravity-independent electroosmosis 

[2,4,10]. On the ground, density gradients cause convection currents within the 

separation chamber. The second cause of fluid disturbance, electroosmosis, is 

the streaming of fluids induced by the negatively charged surfaces of the con

tainer. When an electric field is applied, the hydrated positively charged ions, 

which have built up along the negatively charged surfaces, stream toward the 

cathode, resulting in electroosmotic fluid flow. 

It is impossible to distinguish between the effects of convection and 

electroosmosis in a ground based operation. In space, convection cease because 
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there is no gravity. Once the effects of gravity are abolished, a clearer assess

ment of the effects of electroosmosis alone can be attained. 

At present, the Center is under contract to NASA for the design 

and development of a recycling IEF instrument to be used for large scale frac

tionations aboard the Space Transportation System (STS). In Feb. 1984, the 

BTL had a small experiment aboard the STS-11. This consisted of "flight 

cells" of 8 focusing modules with varying internal configuration and fluid com

position. A similar experiment was sent aboard the STS-16 in Aug. 1984. The 

experiment revealed 'that the effects of electroosmosis are unexpectedly large in 

IEF, and must be carefully considered in the design of prepreparative micro-

gravity devices. The Center has experiments, using focusing columns, 

scheduled to fly on future Shuttles. 

Another current leader in the field of electrophoretic research has 

been the McDonnell Douglas Astronautics Company of St. Louis, Missouri [10]. 

Under their Electrophoresis Operations in Space Program, they flew an 

automated electrophoresis module in June 1982 aboard the STS-4. They found 

that in space, they could concentrate their sample to 25% protein, vs. 0.2% on 

the ground. They also were able to increase the dimension of the sample 

apparatus from 1.5 mm. to 3.0 mm. and thus achieve an overall increased out

put of 463 times the separated material than on the ground [1,5,10], In subse

quent shuttleloads, in 1983 aboard the STS-6 and in 1984 and 1985 they were 

able to modify their experimental module to increase their resolution to four 

times better than on Earth. 
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2.2 NASA 

From the beginning of the space program, NASA has had a special 

interest in the effects of weightlessness. Beginning with experiments conducted 

in drop towers on Earth, which only provided 5 to 10 seconds of weightlessness, 

up through Skylab and the Apollo-Soyuz project, and now in the era of the 

Space Shuttles, NASA has kept space-based microgravity research as one of the 

cornerstones of the U.S. space program [11]. If the space program continues as 

projected, the NASA Microgravity Science and Applications program has com

mitted itself to taking maximum advantage of orbital research aboard the pro

posed Space Station during the next decade. 

The increasing demand for microgravity research facilities is driven by 
the need to perform proof-of-concept and technology development as 
a precursor to commercial production initiatives. The planned Space 
Station will stimulate these activities by providing a national facility 
in the form of a permanently manned, dedicated laboratory module. 
The laboratory will serve as a center for basic and applied research as 
well as a base of operations on orbit for the development and servic
ing of remote commercial platforms and carriers [12]. 

To this end, serious planning is now under way to meet the future 

requirements of the scientific community which is involved in microgravity 

research. Since much of the direction of future research and industry depends 

upon the results of investigations now under way or planned for the next 

several years, NASA's goal in planning the facility is to exercise maximum flex

ibility so as to "accommodate a broad range of future scientific and technology 

development while, at the same time, realizing the best possible economy [12]." 

Thus, studies in the requirements of the Space Station have adopted an 

entirely functional approach to planning. That is, they have based their plan

ning on the general functions which the user community anticipates performing 
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in a "well-planned wide spectrum laboratory [12]." 

Included in the "commonality analysis" of the general requirements 

for the Space Station axe the following [12]: 

1) a highly reconfigurable laboratory module designed for interac

tive experiments and emphasizing quick alterations in experimental 

procedures and cost-effective modifications of apparatus with dedi

cated microprocessor control 

2) the identification of over 90 items of complementary equipment 

ranging from common instruments such as multimeters to support 

equipment such as a fluid reclamation/deionization system and a 

compressed gas distribution system 

3) real time high resolution color video with voice communications 

and on-orbit playback capability as a means of establishing princi

pal investigator telepresence and ensuring high productivity 

4) a microgravity level of at least 0.00001 g assured by constant 

monitoring along 3 mutually perpendicular axes 

5) ambient temperature fluctuations within +/- 2 degrees C 

6) internal atmospheric pressure of 14.7 PSI 

7) a scientific airlock for hazardous experiments as well as constant 

monitoring of the atmosphere for the identification of airborne con

taminants 

8) peak power requirements up to 75 kW AC at full operational 

status for a duration of 0.5 to 1.0 hours, with average continuous 

power of 60 kW AC 



14 

9) waste heat recovery and utilization 

10) waste management technology incorporating vacuum venting 

into closed containers. 

More specifically, the biotechnology discipline is recognized as hav

ing special needs for an integrated chemical analysis lab module including capa

bilities in spectrophotometry, conductivity metering, pH metering and 

fluorimetry [12]. 

The aforementioned requirements for equipment and technology to 

meet the needs of space-oriented research tit hand in glove with the need for 

the development of technological advancements in automation and robotics. 

To meet these needs, on July 18, 1984, the U.S. Congress mandated that "an 

Advanced Technology Advisory Committee (ATAC) in conjunction with the 

NASA Space Station Program" identify "specific space station systems which 

advance automated and robotic technologies, not in use in existing spacecraft, 

and that the development of such systems shall be estimated to cost no less 

than 10% of the total space station costs [13,14]." The Committee also specifi

cally stated their expectation that "all space station contractors devote a signi

ficant portion of their effort pursuing the study of automated and robotic tech

nologies with the objective of advancing the state of the art in these technolo

gies and increasing their terrestrial applications" and that such technologies be 

made an "integral part of planning and development for a manned space sta

tion [13,14]." 

An Automation and Robotics Panel (ARP), organized and admin

istered by the California Space Institute as an independent body to provide 

guidance on the applications of advanced automation and robotics to the Initial 
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Operational Capability (IOC) program, found that a budget of $190M annually 

should be dedicated for a baseline program of technology advancement and 

demonstration by 1990 [13]. They also found that a minimally effective pro

gram would require $100M by 1990. 

Initial studies of how advanced automated and robotic systems 

could be used in actual Space Station subsystems were conducted by five con

tractors [13,15,16]. The topics of these studies and the names of the companies 

involved are as follows: 

Operator-Systems Interface (Boeing) 

Space Manufacturing Concepts (General Electric) 

Communications Subsystems and Mission Ground Support (Hughes 

Aircraft) 

Autonomous Systems and Assembly of Large Structures (Martin 

Marietta) 

Satellite Servicing (TRW Systems) 

Although none of these studies addressed the problems of an experi

mental research payload, they were considered to be "representative examples 

of potential users" and a number of their findings are more broadly significant. 

The development of automated and robotic techniques for the space program 

was found to rest firmly upon these principles [15]: 

• the ultimate goal of the program is in the direction of "teleauto-

mation" and "telepresence," i.e., the ability of an operator to per

form a task at a distance 

• direct user control of Space Station payloads without "ground 
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controller interaction" is envisioned 

• systems should be designed to operate with fully automated 

"maintenance, repair and refurbishment" 

• the use of standardized modular design and simple interfaces is 

essential 

• an important goal of any system should be a reduction in 

human interaction 

• "massive data system support" is needed to drive any 

automated and robotic system 

• operator-systems interfaces should stress "user friendly" aspects 

to reduce operator workload as well as error rate. 

Moreover, in its report to Congress, the ARP described the 

"required technology advancement in robotics" to include end effectors and 

mechanization, control systems, telepresence and human factors, robot percep

tion, manipulation in zero gravity, operation planning using CAD/CAM data

bases and robot self-diagnosis and repair [13]. 

Clearly, the range of recognized operations and tasks which are indi

cative of automated applications within the space program is vast and of a 

varied scale. The technologies required to achieve these ends range from the 

most mechanical specifications to the development of open ended expert sys

tems. In keeping with the Congressional mandate that any advances in the 

state of the art have an important impact on terrestrial applications, the funda

mental research needs in biotechnology which are the foundation of micrograv-

ity exploration must be accommodated within the framework of these automa

tion and robotic principles and needs so that a wider benefit can be attained. 



3. AUTOMATED AND ROBOTIC TECHNOLOGIES 

The term "automation" has its origins in the early stages of factory 

assembly line mechanization, when it was coined by Delmar S. Harder, then of 

the Ford Motor Company, to refer to the linking together of machine tools into 

a continuous production line [17]. Since that time, the advent of integrated cir

cuits, microprocessors, lasers and sophisticated sensors have given rise to 

modern automation, and machines whose distinguishing characteristic is that 

they contain some form of sensing organ and a feedback path from the sensor 

to the actuator. Modern automation seeks to mimic, to some degree, the 

human supervisory abilities which observe and recognize, are goal oriented, 

know how a system works, seek to meet the procedural needs of the system, 

and attempt to trouble-shoot and anticipate problems, as well as physically 

perform an operation or series of operations [18]. Thus, the automated machine 

controls itself through a sequence of tasks set to predetermined requirements 

with minimal human intervention. 

Within the framework of modern automation, a distinction has been 

made between "hard automation" and "robotic automation." 

Hard automation has been used to refer to special purpose automa

tion [19]. That is, a machine is designed to do a specific task, and cannot vary 

greatly from the task it was designed to perform without the redesigning of the 

machine itself. Hard automation is limited to and most adaptable for long run 

operations which require no variability. Due to the need to retool hard auto

mation to accommodate new processes, each new process can be very costly in 

17 
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terms of start up costs, debugging costs and replacement due to obsolescence. 

Robotic automation has been distinguished from hard automation 

by its ability to be reprogrammed quickly and inexpensively to face a wide 

range of new uses [19]. By definition, a robot is "a reprogrammable multifunc

tional manipulator designed to move materials, parts, tools or specialized dev

ices through variable programmed motions for the performance of a variety of 

tasks [20]." A robot is often, but not necessarily, anthropomorphic in its confi

guration. Robot capabilities range from very simple repetitive point-to-point 

motions to extremely versatile movements which are part of a complete 

integrated system. A special feature of robotic technology is the ease with 

which end effectors can be interchanged and replaced to suit the task assigned. 

The drive systems for a robot can be electromechanical, hydraulic or pneu

matic. A robot's functions can include the capacities .of vision and tactile sens

ing and thus physically emulate a human worker; but its most salient charac

teristic, and perhaps its most valuable asset, is that it is basically a computer 

with variable degrees of physical freedom whose aim is a mechanical output 

[20], 

Robots are especially well suited for application in settings which 

take advantage of their special abilities. That is [19,21]: 

• operations which require hand, arm or wrist manipulations, 

• operations which are repeatable or cyclical in nature, 

• operations in which a large measure of flexibility is desireable, 

• operations which require a great degree of reliability and con

sistency, 

• operations which are to be performed in a bad environment, 
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and finally, 

• operations where the necessary human safety precautions are 

considerable 

are all strongly indicative of robotic applications. 

Today, the distinction between special purpose automation and 

robotic automation is becoming somewhat blurred because of the increasing 

tendency to incorporate microprocessor control and more degrees of freedom, 

i.e., variables that could be controlled independently of any other variables, in 

special purpose machines so that their processes and parameters can be easily 

altered by software changes. In the past, robotic design was distinguished by 

the latitude in its number of degrees of freedom. Now, there are more special 

purpose machines with extremely flexible operations sequences. There are also 

many robotic machines with only 2-3 d.f., whose limited applications make 

them virtually special purpose machines. 

The driving consideration in designing the configuration of any 

machine is to meet the requirements of the system in which the machine is to 

be operated. The need for uniformly directed automated machines with limited 

flexibility still exists in numerous situations. On the other hand, if it can be 

anticipated that the operations to be performed will vary or change over the 

lifetime of the system, then the design of the system depends upon choosing the 

optimal number of degrees of freedom required. 



4. SELECTION OF FLUID HANDLING 

AS THE FOCUS OF THIS STUDY 

The problems of handling fluids in a laboratory have been selected 

as the focus of this study for a number of reasons. As mentioned earlier in this 

report, the biotechnology disciplines have been recognized by NASA's Micro-

gravity Science and Applications program as having special needs for fluids 

handling systems which include storage, transfer, recycling and analysis [12]. 

Any dynamic research in the biological sciences requires extensive fluid han

dling in both the preparative and evaluative stages of research. Fluids are reg

ularly measured, mixed, transferred, processed and stored in the laboratory. 

Fluids are used as the vehicles which carry samples, diluents and reagents. In 

addition, they are used for washing, flushing and disposal. Therefore, any and 

all experimentation in xnicrogravity would rely extensively on the ability to 

manipulate and contain fluids effectively. 

Fluids handling is particularly well suited for robotic manipulation. 

There are a multitude of operations performed in the laboratory which are very 

repetitive. It is the sameness of these operations which lend them to prepro

grammed automatic handling. A robot, capable of performing simple sampling 

operations with great consistency and reliability is an invaluable "technician" 

in any lab. Conversely, a number of laboratory procedures are highly variable 

and depend upon the outcome of a previous procedure to determine the next 

appropriate procedure. The unique flexibility of a robot in reacting to pro

grammed variables makes it a viable experimental machine in this case. 

Finally, the fact that most laboratory activities require many small 

20 
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circumscribed movements to accomplish the operations required, make the 

highly precise manipulative capabilities of robotic movement ideal in this case 

also. 

When considering the use of automated fluid handling equipment in 

the Space Station environment, the question becomes essentially one of defining 

the needs of users, exploring the current ground based uses of related technolo

gies, and seeing if what is needed exists and if it is easily modifiable for Space 

Station use. Fortunately, extensive automated technology is in use in labora

tories on Earth, and the cost benefits of modifying existing technologies are 

readily apparent. Since a robot is inherently flexible and reprogrammable, any 

modifications are expected to be relatively modest in cost and easy to accom

plish. 

Another major consideration in focusing on the development of a 

fluids handling system has been the amount of related NASA technology 

already in place at this time. NASA sponsored research, in addressing the 

problems of long term liquid storage associated with the containment of liquid 

helium, has led to the development and testing of baffled rotating containers 

[22,23]. In addition, food handling technology and waste disposal technology 

have been necessary components in NASA's support operations since the 

1960's. The development of safe, sanitary and effective food delivery systems 

for the shuttle crews has necessitated the development of effective containers 

for packaging food [15,24,25,26]. In recent flights, the food supplied to the 

shuttle passengers and crew has been packed in a container which combines a 

rigidly molded polyethelene base with an expandable Saran-coated polyethelene 

film as a lid. Most of the food packed in this way is dehydrated when it is 
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placed on board, and later rehydrated by injecting water into the package as 

needed. The need to deliver the water has established a system of pumps, 

tanks, valves and liquid injection devices which have been demonstrated to 

function well for fluid delivery under microgravity and meet the rigorous condi

tions of space travel from launch to descent. Moreover, NASA's prevailing con

cerns with contamination of the shuttle environment as well as contamination 

of foods being served has necessitated careful evaluation of all packaging and 

handling techniques. 

Finally, because the processes which involve fluid handling on Earth 

cannot be readily duplicated in space, the handling of fluids in microgravity 

merits special research and engineering planning. 



5. PROBLEMS UNDER STUDY 

5.1 The Small Research. Laboratory 

Investigation of the instrumentation needs of a small research 

laboratory has led to the exploration of which laboratory operations are done 

repetitively, what measurements are routinely taken and how they are taken, 

and what types of containers axe commonly in use. 

Most procedures in the small laboratory require repetitious fluids 

handling operations. Pipetting is the norm for diluting, measuring and Tniving 

almost any sample and buffer. The small laboratory researcher uses a combi

nation of a variety of hand-held pipets and disposable pipet tips for a wide 

range of preparations and analyzations. More often than not, either pipetting 

or pouring is used for sample transfer and/or extraction. Pouring is also used 

for cleaning, measuring and mixing. Cleaning is accomplished by pouring wip

ing, rinsing and washing. These same operations can be seen to take place all 

day long in any small lab. 

Small research laboratories do repetitive measuring of pH with a pH 

meter, conductivity using a conductivity bridge, and solution concentration 

using spectrophotometry. For this reason, the pH meter, which measures the 

increase in hydrogen ion concentration in moles/liter [H+] as the pH, where pH 

— -log [H+], is used several times in the course of an experiment [27]. The 

researcher must first calibrate the meter, and then measure the pH of a solu

tion by inserting a pH electrode encased in a special glass membrane (which 

behaves as if it were permeable only to E+) into a solution, recording the pH, 
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then removing the sample from the beaker and cleaning the electrode by rins

ing and wiping it. This procedure can be repeated ten or more times for frac

tionated samples from the RIEF [8]. 

A conductivity bridge is a useful instrument in an electrophoresis 

laboratory for providing the researcher with a voltage profile of a fractionated 

sample [27]. The conductivity of a sample is often measured in midprocess as a 

means of monitoring the voltage distribution in the cells of the RIEF, for exam

ple [8]. A conductivity bridge generally consists of two platinum electrode 

discs, which come in contact with the sample after it has been placed in a'cell. 

Resistance of the sample is measured, thus yielding information about the vol

tage. A voltmeter as well as a variety of other meters can be used in this way. 

The spectrophotometer is used to measure the concentration of a 

given substance in solution [27]. Colorless compounds are converted to colored 

reaction products by reaction with a suitable compound, called a reagent. 

Measurements are usually made in the visible wavelength spectrum from 380 to 

780 nm or the ultraviolet range from 210 to 380 nm. With spectrophotometry, 

discrete portions of the spectrum can be isolated and used for measurements. 

Thus, a solution containing two unknown substances can be analyzed to deter

mine the concentration of each substance if they each absorb maximally at dif

ferent wavelengths. 

While in the course of performing the aforementioned procedures, a 

laboratory scientist uses containers constantly. These containers are often glass 

beakers of various sizes and shapes. Also in use on a large scale are rigid plas

tic test tubes of different sizes and shapes with two basic tops: leakproof snap-

on and screw-on styles. Pipets, usually made of plastic with disposable plastic 
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tips, must also be thought of as containers used in transporting fluids. In addi

tion, various forms of flexible plastic tubing are in use for pump driven fluid 

movement. 

5.2 State of the Art in the Automated Clinical Laboratory 

In vivid contrast to the performance of the processes of a small 

research lab, an automated clinical laboratory presents an array of sampling 

and analytical instruments which perform, to varying degrees, the tests and 

operations of a human laboratory worker. The instrumentation of these labs, 

and the degree to which they are automated, breaks down into three main sub

divisions: 

1) The self-contained microprocessor controlled automated 

machine which performs from one to thirty-t- tests on numerous 

samples, all processed by varying combinations of a repetitive 

number of steps which the machine is specifically designed to 

accomplish 

2) Small scale, three degrees of freedom, liquid handling systems 

which are designed to aspirate, dispense, dilute and rinse any 

liquids presented to them through their pipetting mechanism 

3) Large scale, five+ degrees of freedom, robotic systems which 

are designed to interface a robot with various laboratory instru

ments in a workcell environment. 

Some of the instruments which are in the first category, the 

automated analyzers, will be briefly described in terms of the tests they are 

designed to perform and the methods they employ to perform these tests: 
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1) The Automated Stat-Routine Analyzer System (ASTRA), 

manufactured by Beckman Instruments, consists of several test modules, all 

contained in one large instrument, which each perform different tests [28]. A 

partial list of the test modules includes: 

• Blood urea nitrogen chemistry module which uses conductivity 

rate as a measurement principle 

• Sodium-potassium chemistry module which uses an ion selective 

electrode measuring method 

• Total protein module which uses a r.ate Biuret reaction for total 

protein 

• Albumin chemistry module which uses Bromersol green 

colorimetric albumin 

• Amylase module which uses rate turbidimetric method for 

amylase. 

The ASTRA performs these tests by using a simple teflon coated 

pipet tip to extract samples from a carousel containing small open sample cups, 

transporting the sample along a simple XY track, and injecting the sample into 

a small reaction cup which is a part of each test module. The modules perform 

their tests, and then remove the sample via a drain pump. Reagents are tran

sported to and from the reaction cup by three pumps. "Fill" and "sip" pumps 

first fill the reaction cup and then sip off the excess reagent to an exact level to 

assure precise volume. The "drain" pump removes the remaining reagent as 

well as the sample. In the case of the conductivity measurement, the Beckman 

Conductivity Electrode and associated circuit elements determine the electrical 

conductivity of the solution in the reaction cup by continuously measuring the 
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resistance to an AC current flow which is presented to the solution. 

When the ASTRA is ready to access the next sample, the pipet tip 

is flushed through with distilled water and rinsed in a small rinse cup. The 

tests performed and the modules accessed are preprogrammed by computer. 

Thus the pipet tip is seen to stop at some module locations but not at others. 

2) The du Pont Automatic Clinical Analyzer III (aca) is a micropro

cessor controlled instrument that automatically determines concentrations of 

chemicals and compounds (e.g. calcium and glucose) and activities of enzymes 

in samples of body fluid [29]. The aca mixes samples with diluents and 

reagents, photometrically analyzes a chromophore in the mixture, and prints 

out the results. The aca operates by having a needle puncture a sample kit 

cover, remove the sample and inject it, together with premeasured diluent, 

through a rubber gasket into an analytical test pack. The test pack is a soft 

plastic envelope with seven reagent compartments. After the sample and 

diluent are injected into the pack, the needle rises and moves to a drain where 

it is flushed out to prepare for the next sample kit. The test pack then moves 

along a transport chain which moves the pack through a heater, two breaker-

mixers which rupture the appropriate reagent compartments, and then after an 

appropriate time, the pack enters the photometer and jaws close on the pack to 

form a bubble-like cuvette. A pump and valve assembly intakes the pro

grammed quantity of diluent and sample as well as controls the selection of six 

possible diluents. When the tests are completed, the spent packs are deposited 

in a spent pack container on the inside door of the analyzer. Waste fluids axe 

collected in a 5.7 liter waste container. 
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3) The PARAMAX Analytical System of American Dade Chemistry 

Systems is a computerized chemistry analyzer which performs 31 endpoint, 

kinetic and calibrated kinetic chemistries, using 30 tabletted reagents and 2 

liquid reagents [30]. The sample is contained in a sample tube which is on a 

loading carousel. A plastic cuvette, dispensed from a spool of cuvettes, is 

prepared for each test. Reagent tablets and diluent are dispensed into each 

cuvette and homogeneous solutions aire achieved by an ultrasonic mixer. A 

movable probe aspirates sample from the sample tube and dispenses it into 

each cuvette in the test series. Once sampling has been completed, the sample 

tube is transferred to an unloading carousel. The cuvettes, immersed in a tem

perature controlled water bath, travel along a track as the reactions occur. 

Biochromatic readings are taken at timed intervals at photometer read stations. 

When testing is completed, the cuvettes are passed through a heat sealer, 

which seals the open top of the cuvettes. The unloading belt then deposits the 

used cuvettes in a disposal bin. 

4) The TDx Analyzer by Abbot Laboratories is a Fluorescence Opt

ical System Detector which uses a photofluorometer to measure the longer 

wavelength light emitted by a substance after UV light has been passed 

through a filter [31]. Both the samples and the cuvettes are contained on a 

carousel. The TDx automatically pipets reagents and test samples while simul

taneously pipetting dilution buffer. It then dispenses both into a reaction 

cuvette. The liquid is dispensed at a high velocity to create turbulence for mix

ing. The fluorescence polarization immunoassay is performed directly in. the 

cuvettes. Two electrodes attached near the end of the probes serve as a liquid 

level sensor which determines the presence of liquid by electrical conductivity 
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thereby minimizing penetration of the probe into samples and reagents. Carry

over between samples is further minimized by the use of teflon tubing to the 

pipet. 

These four analyzers make use of a bar code, attached to the sample 

cup, to indicate which tests are to be performed. 

Another type of self-contained automated system in use in the 

laboratory is the Robotic System for Differential Scanning Calorimetry [DSC-

4RS] from Perkin-Elmer Corp [32,33]. This system runs four DSC samples at a 

time. The samples are loaded onto a carousel in crimped aluminum or gold 

sample pans. The sample pans are picked up by a vacuum system and moved 

to an analytical station where they are heated and analyzed in accordance with 

a sequence of instructions programmed into the software. The system may 

operate completely on a preprogrammed basis, or it may be put in manual 

mode for operator intervention. The sample may be returned to its carousel 

and reaccessed for retesting if this is part of the command sequence given. The 

DSC-4RS consists of three small tabletop components which include the scan

ning calorimeter, a microcomputer temperature controller and the Thermal 

Analysis Data Station. 

The analyzers just described use flexible programmable technology 

to achieve their ends. Each of these units is self-contained and innovative in its 

approach to sample handling and test achievement. However, they all tend to 

be specific to the protocol or protocols for which they are designed, and any 

major deviation from these tests or procedures would require extreme modifica

tion of the instruments. 
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In an effort to make the overall performance of laboratory pro

cedures more flexible, the second class of automated instruments, automated 

liquid handling systems, has been developed. They are specifically intended for 

settings where repetitive fluid sampling is required. 

Gilson Medical Electronics Inc., has designed two models of its 

"autosamplers [34,35]." These are small tabletop instruments comprised of an 

XYZ axes robotic arm which slides on a track above test tube racks and 

dispenses liquid from a dilutor which is attached to the robot arm. The test 

tubes are on a rack, beneath the autosampler. A small separate keypad is part 

of the system. It can be programmed to aspirate, dispense, dilute and rinse. 

The model 221 accepts up to 120 test tubes and the model 222 can accommo

date up to 540 mixed racks. 

The Gilson 212B "Liquid Handler" is also a tabletop apparatus. It 

accepts racks of standard test tubes, vials, microplates and reagent bottles. It 

also accommodates a rinsing station on the small platform which defines the 

area of operations. The robotic arm, on XYZ axes, is mounted above the plat

form, said an attached dilutor and peristaltic pump are used as the pipetting 

system. In order to achieve reliability, it is equipped with a teflon level detec

tor mechanism in the pipet tip. The system has the same four operating modes 

as the "autosamplers." The keypad is included in the base of the platform con

figuration. 

The Tecan Robotic Sample Processor (RSP), manufactured in 

Switzerland for Tecan, U.S., Ltd., is similar to the Gilson system [36]. There 

are three models currently available: the 520, the smallest model with a single 

dilutor; the model 505, which can handle batches of 100 to 240 samples in test 
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tubes, gamma counter racks, microplates, centrifuge racks and photometer 

cuvettes, and uses a double dilutor system; and the 510, which is the same size 

as the 505 but features a carousel accessory device with a barcode scanner 

which permits positive sample identification to be automated. The dilutor uses 

teflon tubing to minimize carryover. A steel pipet probe is used for durability. 

There is also a liquid level sensor for increased reliability. The Tecan Proces

sors are designed to interface with an IBM PC. 

These liquid sampling systems are designed to meet a limited set of 

needs with as simplified and cost effective a mechanism as possible. It should 

be pointed out, however, that functions such as pouring, weighing, introduction 

of tablets or capsules, or movement of test tubes from one location to another 

are beyond the capacity of these XYZ systems. For these tasks, a robotic axm 

with a gripper capable of manipulating solid objects is required. 

The Zymark Corporation has developed the Zymate Laboratory 

Automation System for Sample Preparation [37,38,39]. The system uses a 5 

d.f. robot, positioned amongst various laboratory stations, to accomplish such 

tasks as weighing, diluting, mixing, transferring, titrating, centrifuging, extract

ing, pipetting, filtering, concentrating and derivatizing as directed by a 

microprocessor controller. The system is completely flexible, allowing stations 

to be repositioned and procedures to be added or deleted to meet a wide range 

of laboratory requirements. Ordinary test tubes and vials can be used, and 

many types of analytical instruments can be interfaced into the system with 

only slight modification. The robot has both a general purpose gripper and a 

precision microliter syringe hand available to it. This system has been tested 

extensively by the Department of Energy- at the Savannah River Laboratory 
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and found to have a relative standard deviation comparable to that obtained 

by an analyst for several types of procedures [40]. 

The Perkin-Elmer Corporation has a laboratory system similar to 

the Zymate Laboratory System. "MasterLab" also uses a 5 d.f. robot which 

differs from the Zymate in that it has a completely articulated flexible wrist 

capable of reaching into centrifuges which use slant tubes [41]. In addition, the 

MasterLab features a monitoring system which indicates via current change in 

the servo whether or not the robot has actually gripped a test tube. Another 

important aspect of the Perkin-Elmer system is that it uses an IBM PC for sys

tem control. 

Other robotic laboratory systems have been developed by corpora

tions to meet their own needs. For example, Proctor and Gamble has 

employed the Microbot Alpha robot, interfaced with an Apple II programmed 

in BASIC, to develop a pilot laboratory work station [42]. The Phillips 

Petroleum Co. has adapted a pneumatically driven robot arm attached to and 

XYZ transporter exoskeleton, to deliver and retrieve glass nucleax magnetic 

resonance tubes to a NMR Spectrometer [43]. Their system is controlled by an 

Atari 800 programmed in ATARISOFT BASIC. 

5.3 Microgravity 

One of the major differences between designing an automated sys

tem to function on the Space Station, and one to function on the ground, is the 

fact of reduced gravity on the Space Station. Planners for the Station project a 

gravity level of 0.00001 g [12]. This creates special problems for containing 

fluids, controlling robotic action, and avoiding contamination. 
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Any system for fluid containment must be mindful of the absence of 

ground based assumptions in regard to fluid flow and fluid dispersion. Fluids 

cannot be assumed to flow out of their containers in microgravity. They can

not be "poured," but must instead be pushed, pumped, syphoned or syringed 

from one container to another. All transfers must be completely contained, as 

the fluids will not flow in a stream, but rather tend to disperse. This disper

sion, along with the presence of surface tension and atmospheric pressure, also 

creates a tendency for fluids to adhere to the sides of containers. In short, any 

and all fluid containers must account for microgravity in their design. 

Due to the fact that inertial forces remain the same in microgravity, 

in order to avoid collisions, any robotic action must be carefully programmed 

to monitor the torques of any movements which it initiates. The robot must 

continually compare the linear and rotary energies it has imparted to the item 

it is handling with its maximum safe stopping capabilities in the distance-to-go 

[44]. 

In a review of Space Station technology, Wright and Mays 

emphasize the need to accelerate and increase the scope of the "contamination 

task [45]." They state that "contamination is an important, user-critical and 

multifaceted issue with many kinds of problems" and highlight contamination 

prediction and protection as having a top priority. The contamination problem, 

as concerns a research laboratory payload, breaks down into three separate 

problem areas: 

1) contamination of the Space Station environment 

2) contamination of the experimental work station 

3) contamination of the experimental materials and samples. 
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Since microgravity is the key problem in the containment of many 

processes, containment must be viewed as a key component in contamination 

avoidance design. Based upon observations in both the small research labora

tory and the automated clinical laboratory, the possible automated research 

processes to be contained include: 

1) sample acquisition 

2) sample presentation 

3) sample transfer 

4) cleaning and flushing 

5) waste disposal. 

All of these processes involve liquid handling operations. 

5.4 Human Monitoring and Human/Machine Interface 

At this time, when the function of human beings in the space pro

gram is being carefully rethought and reevaluated, the problems and complica

tions of having people in the Space Station lab are at the forefront of engineer

ing planning. There is a great motivation to have automation perform opera

tions previously reserved for human researchers, and mounting evidence that it 

is a more cost efficient, reliable and manageable alternative. 

In studies that have been done up to this point, it has been 

emphasized that the support system necessary for a human worker aboard the 

Space Station is monumental in scope. In a NASA conference paper on Space 

Station Technology, the report on human capabilities listed several categories 

which needed to be taken into consideration in planning for a long term crew 

aboard the Space Station. The categories included [45]: 
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• interior design/layout 

• debris/contamination/waste control management 

• medical/emergency care - safe havens 

• environmental - lighting, acoustic, etc. 

• preventive/medical countermeasures 

• work/rest cycles - recreation/crew rotation 

• maintenance/training 

• command/control/role relation/government 

• social structure/community hierarchy 

• housekeeping 

• communications 

• storage/inventory 

• personal hygiene 

• restraints/mobility 

While the costs invested in preparing to meet these needs are specu

lative, there is evidence of current costs. The cost in 1985 fiscal year dollars of 

crew support equipment for people involved in the building of the Space Sta

tion is $516,000 - $774,000 per day for time on orbit [46]. The cost of training 

and making on orbit provision for a payload specialist is estimated to be 

$193,000 - $258,000 based on a seven day mission. These costs may be reduced 

for repeat flights by the same individual. A study of regenerative systems for 

the Space Station reveals that in view of the fact that each crew member 

requires 50 lbs. of water per day for drinking, bathing, laundry and hygiene, 

the cost of a regenerative water system would save $1.2 billion over a ten year 

period [45]. 
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Although looking at the cost trade-offs of a ground based robotics 

system as a predictor of space based research costs is in many ways like com

paring apples and oranges, once the additional costs of integrating the func

tions, packaging a robot within Space Station dimensional constraints and the 

cost of "space qualifying" the integrated system are recognized, certain aspects 

of ground based costing must still apply [45]. With this in mind, a cost per 

batch study done by the Zymark Corp. for a titration procedure using a pH 

meter reveals the comparative costs of manual and roboticized handling on the 

ground [38]. They found that the total cost per batch of the Zymate System 

was $24 vs. the total cost per batch for manual technicians was $192. These 

figures were based upon the assumptions that the Zymate System cost of 

$30,000, amortized and depreciated over five years, included user programming 

time and that the technician labor, including fringe benefits, was $12 per hour. 

Similar cost savings have been experienced by most labs which automate on 

the ground. The increased reliability and consistency of sampling is an impor

tant "hidden" cost saving. 

It appears, then, that the basic technology necessary to effectively 

automate a lab is readily available and adaptable. The technological innova

tions which need to be realized at this point are the adaptation of these 

automated systems to the constraints of the Space Station. In addressing the 

components of life cycle cost, it has been postulated that the investment that is 

involved in getting a Space Station system in place and running after it had 

been developed exceeds the cost of the design, development, test and engineer

ing of a system [45]. These costs are largely unknown at this time, but must be 

thought of in terms of long term amortization since whatever is implemented 
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will be implemented using the basic guidelines of modularity, refurbishment, 

flexibility and reliability. 

In studying the cost effectiveness and desirability of robotic systems 

for assembling large space structures, it has been noted that "the determination 

of the most effective and economical means to carry out the assembly comes 

after .... the analyst determines comparative costs and performance times from 

the data bases" relating to "the structures, functions, scenarios and tasks" of 

the job to be accomplished [46]. The chief cost benefits of highly automated 

assembly scenarios are seen in terms of extended operating time periods and 

extended operations over a long time period. That is, an automated system 

does not need to "rest," and once it is in place, it can function for an unlimited 

time with normal maintenance and refurbishment schedules. 

Many of the cost analyses referred to imply the limitations of 

human performance in hostile environments. In addition to the needs of the 

crew in terms of habitability and safety, a prerequisite to developing an 

appropriate approach to automation is "explicit recognition that the goal is to 

support the personnel involved so that they may achieve system objectives of 

performance, productivity and economy [47]." Depending upon the degree of 

system automation desirable, the "personnel" can be on board crew either 

involved in a "hands on" level or monitoring the automation from a remote 

operators station. Alternatively, the "personnel" could be on the ground, with 

a direct video link to the experimental cell and autonomous control of the pay-

load or with a supervisory voice and video link to the operators on board. In 

between these alternatives lies a vast range of automation types and styles. 

Any system designed must account for the risks and benefits of 
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human/machine interactions and attempt to achieve maximum performance for 

all operations. 

Zimmerman, in his analysis of Space Station man-machine automa

tion trade-offs recommended criteria of when to automate [48]. The automation 

selection criteria were listed as: 

Automate: 
to avoid perceptual saturation 
to reduce concurrent tasks 
tasks on compressed time lines 
to avoid human bandwidth limitations 
routine tasks 
memorization tasks 

7) sequential and time tasks 
81 monitoring tasks 
9) time-consuming, boring, or unmotivating tasks 

emergency-prevention devices 
complex mathematical or logic tasks 
complex tasks that must be performed rapidly 
to enhance system reliability 
safety engineering tasks 
systems with consideration to crew acceptance 

Research in avoiding potential problems in implementing automa

tion indicates that with reliable automation, the acceptance of automation 

increases when the tasks that are automated are tasks which humans cannot 

perform, which are distracting to perform, which are tedious or which involve 

experienced, responsible, autonomous individuals [47]. Humans, it is found, 

perform poorly when monitoring complex systems when their primary role is 

simply watching. They have a difficult time remaining vigilant and interpret

ing what they see. As a result, they are ill-prepared to detect that intervention 

is necessary and to act accordingly. 

The development of any system will thus involve a full scale human 

factors assessment with special attention given to maximizing human perfor
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mance. Design considerations should emphasize the elimination of tedious 

monitoring in favor of appropriately designed, meaningfully interactive work 

roles. An on board payload specialist should only have to intercede when a 

major process alteration is necessary or when alerted to an emergency. If a 

ground based researcher is involved via video link-up, his or her authority 

and/or autonomy would play a major role in giving input to the system. These 

systems would necessitate that a great deal of attention be paid to visual and 

auditory information displays, the modes of information search, psychomotor 

skills, workspace design and decision making methods [49,50,51]. Work, such 

as that currently being done by Ellis, Tyler, Kim, McGreevy and Stark in per

spective parameters for depicting three dimensional data on a flat surface 

would play a major role in developing visual enhancements for perspective 

displays [52]. If the communications system for the Space Station causes a lag 

in the time of relayed information, the work done by Ferrell in remote manipu

lation with transmission delay will be of great importance as well [53]. He 

found that the strategy by which remote manipulation can best be accom

plished by a ground based researcher upon a moon based work station "is the 

simple and orderly one of performing the task as a series of actions, each done 

without feedback from the remote site and each followed by a wait of a delay 

time to permit correct assessment of the task situation." It is interesting to 

note that in studying this problem, Ferrell recommended the allocation of deci

sion making and feedback processing capability to the machine at the remote 

site. 
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5.5 Variety of Assignments for the Laboratory 

The final topic under study is the expected variety and types of 

experiments which will be assigned to be performed on the Space Station. At 

this time, it is still not known whether the lab will function primarily for very 

small scale research operations, for more repetitive clinical types of operations, 

or for large scale commercial processes. The use of the lab will have implica

tions in terms of the quantites which are typically handled and the repetitive-

ness of the anticipated operations. For example, an electrophoresis lab typi

cally deals in quantities between 0.5 ml. and 2.0 ml. for purposes of testing. 

The machines used in the Center for Separation Sciences have the following 

flow rates: 

• RIEF: 10 - 30 ml./min./channel 

• Biostream: sample input: 15 - 50 ml./min./29 channels 

• Biostream: buffer: 500 ml. - 2 ltrs./min./29 channels 

• Bender & Hobein: 7-30 ml./min./90 fractions. 

It is also not clear at this time whether the lab will focus on flow-

through processes or concentrate on single sample operations. The experiments 

performed in the separation of proteins encompass flow-through continuous 

processes, repetitive samples which are subjected to varied procedures and 

varied samples which are subjected to repetitive procedures. Thus, at this 

time, all three levels of process assignment can be expected. However, this 

report is emphasizing provisioning for a small number of samples which would 

be subjected to repetitive tests. 



6. CONCLUSIONS 

As stated in section 5.4 of this report, the underlying technology 

necessary to implement a ground based fluid handling system appears to exist 

in adequate amount. The automated and robotic technology at work in the 

current clinical laboratory appears to sufficiently address the basic needs for 

fluid handling, as defined in this report. The basic problems to be solved, then, 

exist in the area of modifying the existing equipment to work in a space 

environment under hostile and at this point ill-defined conditions. 

In the Space Station environment, the main physical constraints 

upon any system design will be in the nature of the limited available room for 

equipment, the microgravity environment, and the remote location. An 

analysis of current technology shows that the need for modification exists on 

two distinct levels. 

First, on a system wide level, nobody has attempted to configure an 

efficient "functional" automated laboratory within the restrictive confines of a 

space structure. Each of the self-contained automated machines studied are 

limited to the operations they are designed to perform and they do not inter

face with one another. Each has its own style of container and pipetting tip. 

The robotic liquid handling systems are limited to their small sampling opera

tions and do not interface with any other machines. The 5 d.f. robots are 

placed in their laboratory systems with little attempt to optimize space usage. 

Consequently, the Masterlab and the Zymark system both require a great deal 

of room for their operations. Although these robots can interface with many 
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different machines, they are not efficiently designed for the optimal placement 

of each piece of equipment. More often than not these machines use different 

types of containers for different types of testing instruments. None of these 

types of laboratory equipment are designed to be operated from a remote loca

tion. They all rely upon software direction to determine their processes and 

functions. None of these systems is designed to function interactively, i.e., with 

intervening operator or researcher response and direction at critical times. The 

laboratory equipment under study for this report is designed to be set up and 

run through a sequence of preprogrammed processes. Moreover, all the ground 

based systems studied are designed to function under the assumption that there 

are knowledgeable operators, technicians or researchers standing by, able to 

trouble-shoot the machines, perform basic repairs, and intercede when neces

sary to change operations or batches of samples. Although the more automated 

systems obviously require the least human attention, an assessment of when 

and how a human can best aid the machine operations has never been 

addressed for a hostile environment or a remote location. Neither data output 

nor error messages have been structured in a way which recognizes that an 

analytical respondent may be at a great distance from the laboratory. 

More specifically, the systems now in use do not begin to deal with 

the main operational parameters of the lab described in sections 2.2, 5.2, 5.3, 

5.4 and 5.5, such as: 

1) well planned use of facility area 

2) contamination avoidance 

3) retrofitablility 

4) reconfigurability 
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5) refurbishability 

6) modularity 

7) low maintenance 

8) ease of repair or "trouble-shooting" 

9) minimal human interaction with the system 

10) teleautomation and/or telepresence capability. 

Second, on a very specific level, there are large gaps between the 

available and suitable technology and the constraints of the microgravity 

environment. All of the ground based machines and processes studied in 

chapters 2 and 5 of this report have open air/liquid interfaces. The research 

laboratory uses a variety of open glass and plastic containers. Fluids are regu

larly transferred with a reliance upon gravity. The same holds true for the 

liquid samplers and the more flexible laboratory systems described in section 

5.2. Specifically, no container has as yet been designed and tested which has 

vast flexibility of use and is designed for microgravity functionality. Breakable 

glass containers are a great hazard in space due to the problem of environmen

tal contamination. No effective interfaces between analytical and/or experi

mental machines and containers for microgravity use has been developed or is 

known to exist at this point. No cleaning, wiping, or disposal system exists for 

safe and valid laboratory conduct in the microgravity environment. Although 

the contamination problem, described in section 5.3 of this report, is so central 

to the design of any space based system, it does not appear to accounted for by 

any of the existing ground based machines or laboratory equipment. 

While these two levels of problems seem to be quite wide apart, the 

solution to them rests upon the design of a fluid handling system which sees 
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the solution to the specific problems as part of a wider and all encompassing 

whole. Thus, the particulars of the system cannot be addressed until the gen

eral and guiding principles of the whole are defined and met. As stated in the 

introduction and in section 5.5, the lack of a clear scope of functions and a 

clear vision of the station render a truly "generic" and ultimately flexible 

laboratory impossible. However, the goal at this time is to create a system 

where as many fluid handling operations as possible are performed in as small a 

space as possible. This means that there will probably be a multitiered bank of 

test equipment, sample tubes and cleaning and disposal equipment. 

As stated in section 3, the driving force behind the selection of the 

number of degrees of freedom for any robotic system is to appropriately relate 

the system design to the processes for which it is to be used. The requirement 

for a robotic machine functioning in this type of setting is to achieve great flex

ibility. The requirement for equipment in this type of a setting is to provide 

great accessibility. Therefore, the concept of integrating a laboratory to func

tion with a robot effectively in place as a lab technician, as in the Masterlab 

and Zymark systems described in section 5.3, is the necessary idea co be incor

porated in order to achieve the goals of the Space Station lab. Of the systems 

studied, the Masterlab and the Zymark are the most flexible. Although they 

both use 5 d.f. robots, this report recommends using a 6 d.f. robot in space in 

order to achieve the required maximal flexibility and accessibility. 

There are aspects of the less flexible systems studied which will also 

prove to be of value in achieving a viable microgravity fluid handling system. 

Although it is hard to see how the autoanalyzers could be modified, in their 

present self-encased forms, to interact with the RIEF, for example, the 
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pumping, containment and modular test systems needed for a fluid handling 

system in space could be borrowed from the autoanalyzer equipment designs. 

The ASTRA has a system of pumps which should work well in microgravity. 

The modular test site system of the ASTRA analyzer is also the type of system 

design needed for the space lab. Although the XY movement axes in this 

analyzer are not flexible enough to meet all of the needs of the space lab, they 

could serve as a model for a 2 d.f. integrated instrument component, perform

ing repetitive tests upon small low density samples, in an overall 6 d.f. robotic 

fluid handling system. Of the other machines reviewed, the PARAMAX, the 

aca and the TDx are also limited in the range of operations they can perform. 

However, the aca uses a soft plastic bag with a rubber gasket which could pos

sibly be adapted for use as a microgravity container. The aca's use of mechani

cal pressure to form a photometric cuvette in its test pack is also worth investi

gating for microgravity adaptation. From the second type of analyzers studied 

in section 5.2, the liquid samplers, the technological concept which could be 

adapted is that of repetitive sampling from a grid of tubes. These test tube 

racks are easily located by a robot, standardized for ease of replacement, and 

modular for quick changeout. However, their small XYZ field of operation does 

not allow them to interact with new machines. The more flexible robotic sys

tems should be able to integrate new equipment with the least amount of diffi

culty because of the ease in changing their end effectors and their ability to 

move in many planes. 

The best that can be done at this point is to draw conclusions from 

this body of research and use these conclusions to develop a set of guidelines for 

the actual rendering of a fluid handling system. Within the NASA guidelines 
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for a laboratory which will meet the goals of accommodating a broad range of 

future scientific and technological development as well as the best possible 

economy, the principles of solution.to the problems posed can be seen in terms 

of the development of a strategically preplanned, microgravity based integrated 

workcell whose goals include major flexibility of experimentation while antici

pating minimal maintenance, refurbishment and reconfiguration interventions. 

On a system level, the following principles for the design of a fluid 

handling system should be taken into account as basic criteria. On a more 

specific level, the following suggestions may serve to meet some of the immedi

ate needs of the system. These general principles for a system design include: 

1) designing to prevent contamination as a primary consideration for any sys

tem 

a) double containment of fluid as a means of accomplishing this 

task 

b) fluid transfers which subscribe to the principle of always keeping 

the liquid contained 

c) cleaning systems which sure enclosed and/or include disposable 

elements 

2) designing for robotic presentation 

a) standardization of containers 

b) easy access and location of instruments 

c) clear definition of all operations and procedures 

d) software designed with an intrinsic hierarchy of error messages 

and which indicates at what level potential problems are to be 
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allocated between the ground and the Space Station and how these 

problems are to be handled 

e) collection of data in ways which are useful for ground based 

interaction 

. 3) designing to meet microgravity conditions as another important task 

a) containers which are always full, permitting no air/liquid inter

face 

b) fluid transfers which are pump driven, syringe driven or mechani

cal force driven 

4) designing to meet the needs of a broad based "functional" laboratory 

a) modularity of all test equipment for quick procedural changes 

b) standardization of equipment placement 

c) standardization and accessible location of containers, tubing and 

pipet tips 

d) modular and "generic" approach to software design 

e) maximum robotic degrees of freedom for optimal control and 

variability of laboratory facilities 

5) designing to meet the needs of a remote laboratory 

a) maximize microprocessor control for reprogrammability 

b) maximize researcher participation through the use of dedicated 

microprocessors 

c) minimize on board human/machine interaction 

6) utilizing the on board facilities and insuring system compatibility 
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a) electrically driven systems which axe compatible with on board 

power supply 

b) container and transfer systems which are compatible with on 

board air pressure conditions 

c) optimal task assignment structure for on board payload special

ist. 

These are the basic modes of approaching the design problem. The 

system itself can employ alternative degrees of automation in its operation. 

The present vision of the Space Station, with its possibilities and limitations, 

suggests the development of two basic types of automated systems. 

One option would be an automated system, autonomous to the 

Space Station, with limited on board human interaction by a payload special

ist. This system would perform specified operations and tests which were 

predetermined on the ground before the initiation of any laboratory operations. 

The system would employ a flexible automation approach similar to the 

autoanalyzers and it would be microprocessor controlled. A requirement of this 

system would be a high level of built-in redundancy since any human interven

tion would be in the nature of on site monitoring for purposes of trouble

shooting and maintenance only. The operator would be limited in his ability to 

alter processes or respond to the experimental data in an analytical capacity. 

Another alternative would be a complete robotic system which 

would employ a 6 d.f. robot operating within a modular work cell. The robot 

would perform its tasks by microprocessor control; however, its supervision 

would be via a ground based video monitor. The advantages of this system are 

that it: 
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• is included in NASA's requirements for video presence 

• optimizes on orbit experimental time 

• maximizes the responsiveness of the system 

• involves the principal investigators 

• frees the principal investigators to continue related ground 

based research 

• provides the most effective monitoring system 

• uses Space Station personnel only as directed trouble-shooters 

and maintainers. 

The decision as to which type of system to build and would prob

ably be based upon NASA's direction for the space program. The first system 

proposed would obviously be cheaper to build and maintain, but it lacks the 

interactive research capabilities and potential of a teleoperative system. In 

reality, the first system would allow a only a slightly more sophisticated version 

of the type of research which has been conducted to date by the Center for 

Separation Sciences and McDonnell Douglas aboard the Shuttles. That is, 

experiments could be flown, and information gathered, but there would be no 

response to any dynamic changes until the test matter was returned to Earth 

for evaluation and the software then reprogrammed. The second system, on 

the other hand, would allow for immediate investigator response to current test 

results and thus more closely approximate the research protocols of a ground 

based laboratory. 

Since even the problem of creating a fluid handling system is so 

broad in its possibilities, it seems logical that the best approach to creating 

such a system would be to narrow the initial range of operations to be 
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performed. In particular, those operations outlined in section 5.3, which 

include sample acquisition, sample presentation, sample transfer, cleaning and 

flushing and waste disposal, should be attacked first. Within the framework of 

designing for a viable space based fluid handling system, immediate goals for 

further research and development, which are beyond the scope of this report, 

can be set. These include: 

1) The development of a container design. As stated earlier, the parameters of 

this container would be the elimination of the contamination risk, standardiza

tion for robotic presentation, and microgravity functionality. Preliminary 

research indicates that a rigid plastic outer test tube, which is already in use in 

many automated liquid handling systems, be adapted for the Space Station. 

Advantages of using this tube include: 

• availability 

• low cost 

• transparency 

• standardized test tube sizes 

• existing standardized styrofoam racks 

• end effector graspability 

Furthermore, the development of a plastic "bag" which would fit as an inner 

tube is needed. The inner tube should be soft, flexible and expandable enough 

to support the mtyor design consideration that the containers be always full, 

thus permitting no air/liquid interface. This tube could be responsive to a 

mechanical spring clip pressing on it in order to expel its contents. Thus, the 

inner tube would also have to be strong enough so as not to tear under pres

sure. A major task of this container design process would be the creation of a 
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gasket to effectively: 

• seal the interface of the soft inner and rigid outer tube 

• allow an opening to accommodate insertion of various pipet tip 

sizes so as to serve a broad range of experimentation. 

2) The development of storage and delivery systems for large amounts of fluid 

such as the distilled water routinely used for diluting, cleaning and flushing. 

The bellows reservoir has been sucessfully used for water storage and delivery 

for rehydrating foods aboard the Space Shuttles [26]. Its design is based upon 

double walled tanks in which the interior tanks have bellows-like sides which 

compress as the contained liquid is expelled [54]. The space between the two 

tanks is pressurized. This system might be applicable for the large quantities 

of distilled water which are routinely used for diluting and rinsing in most 

laboratories. Baffled rotating containers, under study by Gans, Schafer and 

Lowry, appear to have advantages for long term liquid storage management in 

low gravity [22,23]. 

3) The development of a system for exchanging disposable pipet tips and longer 

use teflon tips depending upon the process indications. Currently, ground 

based clinical laboratory analyzing machines use teflon pipet tips (without 

changeout) as the end effector for the intake and dispensing of fluids. These 

analyzers rely upon the inherent characteristic of the teflon, which retains vir

tually none of the fluids with which it comes in contact, as well as an external 

rinse said an internal flush, as protection against contamination. This system 

seems to function well for repetitive sampling for a small range of procedures. 

The "generic" lab envisioned for the Space Station, however, will need to be 

available to a great variety of liquid types and amounts, and for this greater 
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flexibility, it would be advantageous to have disposable pipet tips available for 

use. Since a robotic arm can quickly and easily interchange and replace its end 

effectors to suit different tasks, the ability to change pipet sizes and types 

would be in line with a robotic mode of operation. However, the amount of 

space used to store and dispose of the disposable tips would be a tradeoff factor 

in selecting them for use. 

4) The development of microgravity effective cleaning systems. An effective 

flush through system, similar to that currently in use in the automated clinical 

equipment equipment could be used for cleaning inside containers, tips and 

tubing. A system for cleaning outside surfaces needs to be developed, since all 

ground based exterior surface cleaning is done by rinsing, washing and wiping. 

A combination of wiping and cleaning within some type of environmentally 

protective waste container could be employed to accomplish this task. The 

goal would be the protection of the sample as well as the environment. Exte

rior washing and rinsing could be accomplished with water under slight pres

sure aimed at the pipet tip and collected within a closed container. A similar 

rinse could be employed to cleanse the enclosing container in between pipet 

insertions. Wiping could be accomplished by the placement of a disposable tis

sue (or other absorbent material) in a pressure sensitive open clamp (or jaw). 

When the clamp felt the pressure of the end effector (i.e., the pipet tip) posi

tioned in contact with it, the clamp could close with slight pressure around the 

tip and hold the tissue in contact with the tip until it was removed. The 

clamp "jaws" would then open mechanically, remove the used cleaning material 

to a waste bin and insert a new tissue. If additional protection were necessary, 

materials impregnated with cleaning solutions could be used, or a double wip
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ing could be indicated. Obviously, prior to implementing any cleaning system, 

a careful study of when it would be optimal to employ a reusable tip and when 

it would be better to use a disposable tip would be recommended. 

5) The development of a plan for the optimal placement of all equipment 

deemed to be necessary for the laboratory. Essential to this task is to configure 

in accordance with NASA payload guidelines. This would require redesigning 

the exterior packaging of the equipment used to fit into a modular framework 

in accordance with the requirement that the lab be broad based in its orienta

tion and receptive to quick change-out. A good starting point for modularizing 

the lab would be a modification of the pump driven ASTRA analyzer because 

its pumping system is adaptable to microgravity, and its test cells are all 

modular in configuration. 

6) The development of a design for an autonomous system with minimum 

human interaction should be kept as a back-up goal in case no interactive 

ground based video is immediately available. 

As a final note, the conclusions drawn in this section, and the 

recommendations made for further research, see a benefit to ground based 

laboratory instrumentation and design resulting from the design of a space 

based fluid handling system, with the advent of improved interfaces, facility 

layout, container standardization, communications link usage, and an overall 

approach which would change the face of a lab from that of a piecemeal 

conglomeration of meters and analyzers to a coordinated expandable reconfi-

gurable system. 



7. RECOMMENDATIONS FOR THE "NEXT STEP" 

This report has attempted to narrow the broad problem of develop

ing an automated laboratory by addressing the parameters of a fluid handling 

system oriented towards an interactive research system. Even within the nar

rower confines of looking at the instrumentation for such a system, the design 

task is still broad in terms of operational goals and automation implementa

tion. 

Since the task of developing a fluid handling system is so large in its 

domain, this report recommends that first a definition of the system operations 

and functions be achieved. The main decision to be made in this regard is the 

degree of automation the system is to have. As stated in chapter 6, the degrees 

of automation can vary greatly and still be acceptable to the creation of a fluid 

handling system. Within the recommended degree of automation given by this 

report, that is, for an interactive video controlled system, there are numerous 

decisions to be made. The most important decision to be made is the definition 

of the role of the operator. Some of the questions which need to be answered 

are: 

1) If there is to be telepresence, how interactive is the ground based 

operator to be? 

2) Is the operator to have direct manipulation capability as in the 

type of set up used on board the Shuttles in the past where an 

operator actually controlled the robotic arm? 

54 



55 

3) Is the operator going to use a teach pendant to change robotic 

operations?, or 

4) Is the operator going to function by giving a changeable number 

of software commands to the system? 

Once these and other attendant questions are answered, this report 

recommends that before a large scale fluid handling system for the Space Sta

tion is built, a small scale prototype be developed and tested on the ground. If 

such a system could be made to acquire, transfer and measure some basic fluid 

such as water, then it should be able to be adapted on a larger scale to handle 

samples, buffers, reagents, etc. Although the microgravity condition cannot be 

duplicated on Earth, if a system prototype could be engineered to handle its 

fluid transfer operations successfully at a variety of angles such as upside down 

or sideways, and with varying resistance, there should be some measure of 

surety that the system will operate without gravity. 

Since a goal of the fluid handling system would be to operate from a 

remote location, this report also recommends that the prototype be designed to 

function from a remote location. A good starting point could be just from the 

next room or behind a suitable barrier which necessitates that the operator 

have only video contact suid control of his/her workcell. The introduction of 

an operating time delay may be appropriate at this time. 

In order to make the building of the system more manageable, this 

report advises that the design of the fluid handling system be approached from 

the point of view of breaking its various features down into subsytems and sub-

tasks. Even the task of building of a ground based prototype should be subdi

vided into a set of subtasks for the achievement of the overall system so as to 
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proceed incrementally with the development of the system. Therefore, the 

report recommends the following sequence of subtasks be undertaken to achieve 

a meaningful prototype: 

1) the manufacture of a container and gasket, developed along the func

tional lines suggested in chapter 6 

2) the interaction of a 6 d.f. robot with the containers to a achieve 

acceptable grasp, release and location 

3) the development and testing of appropriate end effectors and pipet 

tips 

4) testing the robot's ability to inject into and extract from the con

tainers a simple fluid such as water 

5) the development of robotic control software (this is necessary for 

s t e p s  2 - 4 )  

6) the performance of a simple test, such as pH measurement 

7) the manufacture and testing of a cleaning system, developed along 

the functional lines suggested in chapter 6 

8) the testing of the prototype functions from a remote location 

a) the implementation of a video system 

b) the integration of an effective remote control system. 

Once these tasks were performed to satisfaction, the next task 

would be to configure the equipment placement and "packaging" in an efficient 

way to operatie in the allotted room on the Space Station. This would require 

careful attention to the design for the robotic system and as well as the equip

ment placement strategy. It should be noted that the work on the develop

ment of this overall system would necessitate that the research engineer keep 
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apprised of the lastest developments in NASA guidelines for the Space Station 

conditions. 

The above sequenced plan for system implementation is meant only 

as an outline of anticipated tasks. This report recognizes that there are many 

additional implied subtasks within each of the above categories, and that there 

are many unanticipated decisions and problems which may arise along the way. 
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