
46th International Conference on Environmental Systems ICES-2016-418  
10-14 July 2016, Vienna, Austria 

A CO2 controller enabling cell culture research inside an 

automated incubator onboard the ISS 

Stuart D. Tozer1, Jonathan Anthony1, Louis Stodieck2 

University of Colorado, BioServe Space Technologies, Boulder, Colorado,80309,USA 

and 

Alexander Hoehn3 

Technical University Munich, Institute of Astronautics, Garching, Germany 

The majority of Earth-based mammalian tissue and cell culture research is conducted in CO2 

incubators where both the air temperature and carbon dioxide concentration are precisely 

controlled to ensure optimal and reproducible cell growth. CO2 serves the primary function 

of regulating culture pH through the bicarbonate buffering system employed by blood plasma 

and most culture media. This paper describes the design and performance of a CO2-control 

system that enables cell culture research onboard the ISS in combination with a temperature-

controlled incubator. Precise on-orbit environmental control provides the basis for 

reproducible in-flight and ground experiments that can be directly compared to traditional 

terrestrial research literature. The on-orbit cell culture work is conducted using incubators 

developed by BioServe Space Technologies, a research center at the University of Colorado 

Boulder. The incubator platform, the Space Automated Bioproduct Lab (SABL), is a mid-

deck locker size payload that controls its incubator chamber temperature to selectable 

setpoints between -5°C and +43°C with an accuracy of ±1°C or better. The Atmosphere 

Control Module (ACM) is a new science-specific insert designed to fit on the back wall of 

SABL’s incubator chamber and to maintain the CO2 concentration within the chamber at a 

desired setpoint with ±0.5% accuracy at an otherwise ambient gas composition. The typical 

use case for mammalian cell culture is a temperature of +37°C and a CO2 concentration of 

5%. ACM holds 400g of CO2, enough to support 15 weeks of continuous experiments based 

on the incubator’s leakage rate to the ambient ISS cabin. This paper discusses ACM’s design 

challenges from hardware, software, and operational perspectives including the principle 

challenge of high pressure supercritical CO2 storage and controlled release of that CO2 at safe 

pressures. Other aspects such as crew interfaces and SABL integration considerations are also 

discussed. Results from ongoing flight qualification and performance testing have largely 

validated the ACM design. Two ACM units are manifested to launch on SpaceX CRS-9 in 

June 2016 along with its first two cell culture experiments. 

Nomenclature 

ACM = Atmosphere Control Module 

CO2 = Carbon Dioxide 

COTS = Commercial Off-The-Shelf 

MDP = Maximum Design Pressure 

Pa = Pascal, 101,325 Pa = 14.69 psia; MPa (106 Pa); kPa (103 Pa) 

psia = Pound-force per square inch, absolute, relative to vacuum 

psig = Pound-force per square inch, gauge. A differential measurement, relative to ambient pressure 
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rH = Relative humidity 

SABL = Space Automated Bioproduct Lab 

SLPM = liter per minute gas flow rate at standard temperature and pressure conditions 

SRM = Science Research Module 

STP = Standard Temperature (20ºC, 293.15 K, 68ºF), and absolute pressure (101,325 Pa, 14.696 psi, 1 atm) 

I. Introduction 

HE Atmosphere Control Module (ACM) is designed to enable biological culture work onboard the International 

Space Station (ISS) by providing the means to control the carbon dioxide (CO2) levels inside an automated 

incubator relative to otherwise ambient cabin atmosphere. The incubator, also provided by BioServe Space 

Technologies, is called SABL (Space Automated Bioproduct Lab1) and two units are currently installed on ISS and 

undergoing functional testing. SABL is a water-cooled, rear-breathing middeck locker-sized payload with a front-

opening door and temperature control from -5°C to 43°C (Figure 1). 

 

    
Figure 1: SABL Automated Incubator and with ACM installed. 

The Science Research Module (SRM) is the actual incubator volume of SABL and has dimensions of (L x W x H) 

42.0 x 28.2 x 19.7 cm (16.55” x 11.10” x 7.75”) for a total volume of 23.32 L (1,423 cu. inches). The ACM is designed 

to be installed on the back wall of the SRM with a single electrical harness connected to the faceplate of SABL (Figure 

1 right). Once ACM is installed, it can be controlled using SABL’s touchscreen interface and the remaining SRM 

volume is available for the science experiment hardware.  

Most mammalian cell culture research requires an incubator temperature of +37°C and a 5% CO2 concentration to 

mimic in vivo conditions. Using this temperature and target CO2 concentration, ACM has enough capacity to support 

15 weeks of continuous experiments, or sequences of multiple experiments, based on leakage rate to ambient 

atmosphere as a CO2 tank with 400 g of CO2. 

II. Requirements 

The ACM CO2 controller was primarily constrained by the internal dimensions of the SRM volume. The decision 

was made to mount ACM to the back wall of SRM in order to avoid the heating elements in the bottom and top walls 

of the SRM and to maximize the space available and accessibility for experiment hardware. Additionally, there is an 

experiment access tray specifically designed to allow easier access to experiment hardware. 

T 
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Figure 2. SABL with ACM in back and empty experiment tray installed in front. 

The depth of the ACM was limited to 7.62 cm (3.0”) to allow for the experiment tray (Figure 2), with height and 

width slightly undersized to allow for a slip-fit inside the SRM at 42.0 x 28.2 cm (16.55” x 11.10”). The slip-fit was 

desired because of the difficulty in installing thumbscrew mounts into holes hidden behind ACM. 

 
Figure 3. ACM Dimensions 42.0 x 28.2 x 19.7 cm (16.55” x 11.10” x 7.75”) 

In order to determine the minimum CO2 capacity required for ACM, a typical “baseline experiment” was defined 

(Table 1). ACM should never have to be replaced during a single experiment. The CO2 inside the ACM bottle cannot 

be replaced on orbit by astronauts. Excess may be used on subsequent experiments.  The “baseline experiment” as 

shown in Table 1 was generated using knowledge of previous experiments and planned upcoming experiments. 
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Table 1. Derivation of ACM CO2 system functional requirements (baseline experiment). 

Experiment 

Profile 

Free 

Volume 

(%) 

Temperature 

(°C) 

Target CO2 

(%) 

Experiment 

duration 

(days) 

# of Door 

Accesses 

SABL CO2 

leak rate  

(g/hr) 

CO2 Required 

(g) 

Baseline 50 37 5.0 21 10 0.13 77 

Experiment #1 75 37 5.0 36 15 0.13 135 

Experiment #2 70 37 5.0 24 54 0.13 152 

 

Using the baseline experiment profile, the requirement for minimum CO2 capacity was determined to be 93 g 

(including a 20% margin). This requirement primarily drove the selection of storage cylinders, which will be discussed 

in Section 0:  

Design Approach. The first two experiments that utilize ACM will also launch on SpaceX CRS-9 and as their 

operation schedule materialized, the CO2 capacity requirement was confirmed.  

During operations, the CO2 mass remaining in the cylinders can be estimated using the mass flow rate and duration 

of CO2 flow. This, however, is still an estimate and the consequences resulting from depleting the CO2 resources in 

the middle of an experiment are significant. To mitigate this, it was required that ACM monitor its CO2 reservoirs – 

not an easy task in microgravity when the typical method on the ground is to weigh CO2 cylinders. To accomplish 

this, ACM employed a novel approach using the combination of a pressure sensor and intelligent software. This will 

also be discussed at detail in Section 0:  

Design Approach. 

SABL was designed with the intention of controlling all experiments directly. ACM therefore provides all sensor 

feedback to SABL, and SABL controls all ACM actuators directly through switched power. Additionally, ACM is 

intended to be a “plug-and-play” accessory for SABL, meaning that the astronauts could install the ACM and it would 

automatically function inside SABL without further astronaut intervention. Process control and updated experiment 

parameters are all controlled through SABL and its user interfaces including remote access from ground. ACM 

interfaces to SABL using a single electrical harness. 

The typical CO2 concentration required for cell culture research is 5%, with the remaining balance just an ambient 

air mixture. The CO2 concentration is important for controlling the pH level of the growth media used in cell culture 

experiments and the concentration cannot vary by more than ±1%. To allow for flexibility and to prevent sensor 

“railing” in the event of a large deviation from the target concentration, the CO2 sensors embedded in ACM were 

required to have a range of 0-20% CO2. Most CO2 sensors use infrared (IR) measurement techniques, which result in 

a concentration measurement (molecules of CO2 in measurement volume), and is thus dependent on absolute pressure. 

The majority of testing and development for ACM was completed at BioServe’s facility in Boulder, Colorado, where 

absolute pressure is approximately 12.2 psia (84 kPa) compared to sea level and average station conditions of 14.7 

psia (101 kPa). For this reason, it was required that ACM compensate for significant differences in absolute pressure 

using software corrections to the CO2 sensor measurement. A secondary sensor requirement was for ACM to measure 

the relative humidity inside the SRM. This is not a feedback sensor, however, as ACM does not control humidity. In 

fact, during incubation, the incubator volume will reach close to saturation humidity due to diffusion of water vapor 

from the cell cultures. 

With the CO2 supply source and feedback sensors contained inside the same enclosure, it was required that ACM 

circulate the free air volume inside of the SRM. Forced convection through an electric fan was implemented to avoid 

a build-up or “pockets” of high CO2 concentration inside the enclosure and to reduce concentration and temperature 

gradients within the incubator volume. Using mock-ups of the incubator volume, typical experiment hardware volume, 

and dispersed CO2 sensors, it was determined that a fan with a flow rate of 140 L/min (5.0 CFM) is sufficient for re-

circulating the free volume inside of the SRM. 

The final set of requirements for ACM were dictated by the inherently hazardous nature of flying hardware 

containing high pressure fluids – especially when that fluid is hazardous carbon dioxide. The leakage of CO2 out of 

SABL with the incubator door closed is minimal (0.13 g/hr, or 1.3 mL/min at 37°C and 1 atm). During operational 

activities, when the astronaut crew opens the door to access the experiment hardware, the ACM controller disables 

both CO2 release and the circulation fan, both to minimize health risk to crew and to reduce losses of CO2 to ambient 

cabin air. This is implemented automatically using the open/close proximity sensor mounted on the incubator door. 

However, even at maximum flow rate, continued unintended CO2 release does not pose a risk to crew. 

All pressurized components were required to meet NASAs requirements for factors of safety (FOS), proof testing, 

and leak testing, and will be discussed in Section 0:  

Design Approach. All cylinders are DOT-certified and all pressurized components must have leak-before-burst 

characteristics. 
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It was required that the capability to control the CO2 concentration inside SABL will have a redundant back-up. 

Therefore, the initial launch on SpaceX CRS-9 will manifest two ACM units. When the first ACM is depleted, or in 

the unlikely event of a malfunction, it will be returned for refurbishment. At the same time, a third ACM will launch 

to serve as back-up for the second ACM. The ACM must be serviceable on ground only, some parts will be replaced 

and all components will undergoing certification for a re-flight on a later mission. 

III. Design Approach 

The design of the ACM was primarily driven by the unique environment that it must operate in. Operating at 37°C 

introduces several challenges but also a few benefits when working with carbon dioxide. At this temperature and high 

pressures, CO2 is a supercritical fluid. Physically, the size of the ACM is restricted by the internal dimensions of the 

SABL incubator. This size limitation was important for maximizing the CO2 capacity and therefore the longevity of 

each ACM. It also determined which pressurized components, structural parts, and electronics could fit inside the 

ACM enclosure. In some cases, this required custom components to be manufactured, including the manifold. Overall, 

the design approach for ACM was to use as many COTS (Commercial Off-The Shelf) components as possible in order 

to reduce costs and to benefit from mature components with a proven track record. 

A. Supercritical CO2 Storage 

At room temperature (21.1°C or 70°F) carbon dioxide is typically stored as a two-phase fluid – liquid sits at the 

bottom of the cylinder or container and gas occupies the remaining upper volume. The pressure of this gas is the 

temperature-dependent vapor pressure of CO2, which is 853 psig (5.88 MPa) at 21.1°C. Until the liquid CO2 level is 

depleted, the pressure of the vapor stays constant at constant temperature. This two-phase characteristic makes it 

impossible to use pressure measurements to determine the amount of CO2 remaining in the cylinder. For this reason, 

CO2 cylinders are filled by mass, according to a maximum allowed mass capacity. This is a challenge during use of 

the system, when mass measurements are not easily done, and the amount of CO2 remaining in a cylinder is therefore 

unknown until the very end when pressure of single-phase gaseous only CO2 can be used. 

At temperatures above 21.1°C and pressures above 1070 psig (7.38 MPa), carbon dioxide is a supercritical fluid. 

This triple point and the intersection of each of the phases is shown in Figure 4. In very simple terms, supercritical 

CO2 behaves like a very dense gas – it fills the storage volume with a uniform density fluid and the pressure increases 

with temperature. For its microgravity application, ACM takes advantage of this relationship by utilizing a pressure 

sensor to determine the CO2 capacity remaining in the CO2 cylinders. While operating inside of the SABL incubator 

at 37°C (above the two-phase area), the pressure vs. mass graph (Figure 4) can be used to estimate the mass of CO2 

remaining in ACM.   
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Figure 4. CO2 pressure compared to fill mass and temperature. 

Supercritical carbon dioxide is used industrially as a solvent for everything from decaffeinating coffee to botanical 

oil extractions. One of the early design challenges that the ACM project encountered was finding an O-ring lubricant 

that would not dissolve when it came in contact with supercritical CO2. Another concern when using O-ring seals is 

that soft elastomers can absorb CO2 and when pressure is taken off the seal, the seal material retains the higher pressure 

and may explosively decompress, fragmenting the O-ring. To mitigate this, the ACM utilizes black EPDM O-rings in 

most fittings, and hard polymers that do not absorb CO2 for valve seats.  

B. MDP Derivation 

The ACM utilizes two aluminum cylinders in parallel, each with an internal volume of 0.3 L, that were chosen 

because their dimensions fit nicely within the enclosure. A custom manifold is used to connect both cylinders to the 

remaining pressurized components and the manifold itself has an internal volume of 7 mL. Starting with this combined 

empty storage volume of 0.607 L, liquid CO2 is pumped in at room temperature, where it immediately expands into a 

gas. When the CO2 mass reaches approximately 100 g, the fluid separates into two phases – a liquid and a gas phase. 

As more CO2 is pumped in, the liquid level rises but the pressure remains at the vapor pressure of 853 psig (5.88 MPa) 

at 21.1°C.  

The requirement for CO2 capacity was  93 g, which is easily achieved with the cylinders described above. The 

CO2 capacity limiting factor is therefore the Maximum Design Pressure (MDP), which is in-turn limited by the 

pressurized component with the lowest pressure ratings. The aluminum cylinders have a burst pressure of 4,500 psig 

(31.03 MPa) and are proof-tested by the manufacturer to 3,000 psig (20.68 MPa). The proof test requirement for all 

components is 1.50 x MDP, therefore, the MDP for the ACM is 2,000 psig (13.79 MPa) is . The maximum temperature 

that ACM will experience during the tightly controlled environments during launch, on orbit, or during descent is only 

46.1°C2. At the MDP of 2,000 psig and maximum design temperature of 46.1°C, the density of supercritical CO2 is 

670 kg/m3. With an internal volume of 0.607 L, the maximum CO2 capacity of ACM is therefore 407 g, as shown in 

Figure 4. This fill mass is sufficient for a total of four baseline experiments, with a 20% margin. 

C. High Pressure Subsystem 

Carbon dioxide levels on board the ISS have always been a major concern to ensure the health and safety of the 

astronauts. Early in the development process, the 407 g of CO2 contained inside ACM was approved by NASA 
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Payload Safety to not be a safety concern if it were accidently and suddenly to be released due to on-board mixing 

and environmental control capacity of the use environment.  

The ACM pressurized system is divided into high and low-pressure subsystems (Figure 5). The high-pressure side, 

the full CO2 capacity is at an MDP of 2,000 psig (13.79 MPa) for design purposes. By employing adequate factors of 

safety and using leak-before burst materials, the high pressure subsystem is designed for minimal risk (DFMR). The 

high-pressure supercritical CO2 passes through a 3-stage regulator and orifice to drop its pressure down redundantly 

to a controlled level of 15 psig (103 kPa) on the low-pressure side (MDP of 100 psig).  

 
Figure 5. ACM pressurized system functional schematic showing high and low-pressure system. 

The cylinders are filled with CO2 through the manifold using a high-pressure charging valve (left side of Figure 

5). The manifold also has a high pressure sensor that is used for monitoring the depletion of CO2 during operations. 

On the outlet of the manifold there is a 5 μm filter followed by a 130 μm flow-restricting orifice. The purpose of this 

orifice is to limit the flow rate and pressure of CO2 out of the cylinders in a regulator failure scenario. 

The shut-off valve (Figure 6) is the only crew-accessible component in ACM. During launch and while ACM is 

in storage on the ISS, this manual valve will remain closed. Prior to installing ACM inside of the SABL incubator, the 

handle will be turned to the ON position, allowing CO2 to flow through the regulator to the low-pressure subsystem, 

while the low-pressure release valve remains closed until commanded by the SABL controller.  
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Figure 6. Assembly of high and low pressure components used to condition CO2 flow rate.  

The ACM uses a 3-stage diaphragm regulator to drop the CO2 pressure from 2,000 psig MDP to 15 psig in order 

to maintain a low flow rate through a control orifice. The failure modes of this regulator are well understood and are 

illustrated in Figure 7. 

The first stage of the regulator drops the high-pressure supercritical CO2 from 2,000 psig to 200 psig gas (1.38 

MPa). The second stage drops the gas pressure further, down to 40 psig (276 kPa). The third and final stage is 

adjustable and in the ACM application it drops the pressure down to 15 psig (103 kPa). In the unlikely event that there 

is a leak through the second stage and the inlet of the third stage is greater than 100 psig (689 kPa), the relief port built 

into the regulator will open to vent the overpressure.  

 

 
Figure 7. Failure mode of the ACM 3-stage regulator. 

Shut-off 

Valve Handle 

3-Stage Regulator 
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When liquid or supercritical CO2 passes through 

a regulator or other flow control orifice, the CO2 

expands into a gas and, at high enough flow rates, can 

cause freezing or icing of surrounding components 

(Figure 8). The ACM regulator is not immune to this 

and early testing showed that high flow rates caused 

condensation on the exterior of the regulator and 

clogging of the internal components with dry ice 

particles. On the low-pressure side, this is mitigated 

by using a flow-restricting orifice downstream of the 

regulator. 

On the high pressure side, there is a robust flow-

restricting orifice on the outlet of the manifold. 

During nominal operations, the pressure of the 

supercritical CO2 equalizes on both sides of the 

orifice, such that it has no effect on the flow. In the 

event of a leak upstream of the regulator or in the very 

unlikely scenario of a leak through the regulator, 

there will be a pressure differential across the 

upstream orifice. This orifice is designed to limit the 

CO2 flow rate to 7.0 L/min at 37°C (12 g/min) which 

will slow down the time it takes to vent the fully-

loaded ACM to more than 30 minutes. However, component testing of the high pressure orifice has shown that it will 

freeze and clog, extending this venting period even further. In this application, there is no danger with clogging the 

orifice. When flow stops, the orifice begins to warm up again, and in doing so, the dry ice particles evaporate and 

allow CO2 to flow, once again cooling the orifice. 

D. Low-pressure Subsystem 

Due to the investigated failure modes of the regulator, the low-pressure subsystem can reach a maximum design 

pressure of 100 psig. All components on the low-pressure side are rated to handle this worst-case scenario design 

pressure. Immediately downstream of the regulator there is an independent relief valve with a cracking pressure of 

50 psig. If the third stage of the regulator were to fail open, the low-pressure subsystem would rise to 40 psig which 

poses no risk other than an increased flow rate. 

The CO2 flow rate is controlled using a 130 μm flow-restricting orifice. During nominal operation, with a regulated 

pressure of 15 psig, the ACM releases CO2 at a rate of 220 mL/min at 37°C, or about 400 mg/min. At this flow rate, 

the ACM can condition the SABL incubator from ambient to 5% CO2 in under 3 minutes. The CO2 is released from 

ACM using a solenoid valve. The duty cycle of this valve is directly controlled by SABL, using feedback from 

redundant CO2 sensors to determine when and at what rate CO2 should be release to reach the target CO2 concentration 

inside the incubator. 

E. Enclosure and circulation 

The ACM enclosure was designed to be a slip-fit inside the SABL incubator volume with a 0.05 inch (1.3 mm) 

gap between the ACM and side walls of the incubator. The ACM does not need to be secured by any fasteners because 

it uses compressible “bumpers” to hold itself in place (Figure 10). To install ACM, the astronauts simply open the 

incubator door, line up ACM in the correct orientation and push it to the back wall. Similarly, ACM can be removed 

by pulling on the soft Nomex handles on the front plate (Figure 9). The Nomex handles fold flat against ACMs 

faceplate when not in use. 

Figure 8. Regulator frozen by high CO2 flow. 
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Figure 9. Fitment of ACM inside of SABL. 

All pressurized components are secured to the ACM baseplate, including the custom-built manifold. The 

electronics assembly, which includes the two CO2 sensors and the relative humidity sensor, is mounted on top of the 

manifold. All three sensors are located in the same corner of the electronics board, which is lined up with the inlet 

holes shown in the top enclosure. On the opposite face of the enclosure there is a matching set of inlet holes located 

near the solenoid valve where CO2 gas is released. The air flow pathways are designed to pull in from both sides of 

the enclosure with the same equivalent orifice size, and therefore have the same inlet flow rate. As shown in Figure 

11, the first pathway pulls air from the SRM free volume where it is sampled by the two CO2 and one rH sensor. On 

the opposite side, air is pulled from the SRM and becomes enriched with CO2 as it passes over the solenoid valve. 

Both air pathways converge at the circulation fan where the CO2-rich air is pushed out of the ACM enclosure without 

passing over the sensors and up-skewing their measurements. The cut-out for the shut-off handle and the soft handle 

pass-throughs also serve as airflow inlets, however, their effect is insignificant. 
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Figure 10. Exploded view of ACM enclosure and internal components.  

 
Figure 11. Airflow pathways from intake ports on ACM sidewalls to outlet through the circulation fan.  
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IV. ACM System Controls and Software 

A. Overview 

Although the baseline SABL software originally launched with SABL in December 2015 only supports SABL 

itself, SABL’s software was designed from its inception with the express aim of supporting a number of prospective 

mission and science-specific inserts including ACM among other concepts through a combination of a readily 

adaptable software architecture and a quick, reliable on-orbit update deployment scheme. As the first science-specific 

insert for SABL, ACM builds upon all aspects of SABL’s software including data acquisition, self-monitoring, 

feedback control, graphical crew displays, and remote interfaces for commanding and monitoring. In addition to 

ACM-specific functional upgrades, the ACM software update also includes a number of minor improvements and 

fixes for the core SABL software which is described in more detail in SABL’s 2015 ICES technical paper.2 All future 

versions of the SABL software are planned to retain compatibility with ACM. 

B. Data Acquisition, Self-Monitoring, and Feedback Control  

ACM plugs into the SRM insert port on the front-panel of SABL which provides 4 analog inputs and 4 switchable 

power supplies which both tie into the core SABL data acquisition and control computer used to manage baseline 

SABL functionality. By default, the baseline SABL software accommodates these analog inputs with a 20 Hz 

measurement rate, with a 1 Hz rolling average output. Configuration values are included to specify calibration 

constants as well as safety limits to automatically detect off-nominal conditions. When critical safety limits are 

triggered, SABL automatically defaults to a configured safe state.  

The 4 switchable power supplies can be configured on/off on a statewise basis in the baseline SABL software; the 

ACM software update adds feedback control functionality to the particular switched power supply that actuates the 

CO2 valve. Feedback control of that power supply can be disabled to restore operation of that power supply to simple 

on/off control which ensures compatibility with prospective simple payload inserts that require power but not active 

control from SABL’s core data acquisition and control computer. 

ACM includes two redundant CO2 sensors and nominally uses an average of both sensors as the basis for feedback 

control. A configurable value is included which specifies the maximum allowable difference between the two sensor’s 

outputs; when that difference limit is triggered, CO2 feedback control is automatically disabled and a remote operator 

is required to select a single, properly functioning sensor to use for feedback control. This behavior is useful in 

preventing runaway CO2 release if a single sensor fails. By default, the difference limit is set to 0.5% CO2. ACM also 

includes a humidity sensor and tank pressure sensor; the tank pressure can be used to monitor the amount of remaining 

CO2 within the tanks. 

ACM was originally intended to control the mole fraction (vs. mole density) of CO2 within the SABL SRM which 

requires knowledge of the ISS atmospheric absolute pressure based on the employed IR sensor principle3. ISS operates 

nominally at an average of 1 atm but that pressure can be variable in both nominal and off-nominal scenarios. The 

SABL SRM insert port utilized by ACM limited the design to four sensors, so an atmospheric absolute pressure sensor 

was not included. Additionally, the alternative collection of real-time ISS telemetry through the EXPRESS rack 

interface presented additional software complexity and ambiguity that we preferred to work around. Ultimately, it 

turned out that the original intention for mole fraction (i.e., partial pressure CO2) of ACM was misguided and it makes 

more sense to control mole density as measured by the IR sensor for our typical use case which does not require 

knowledge of absolute pressure. This is also convenient because most commercially available CO2 sensors 

fundamentally measure mole density (although they are often erroneously advertised to measure mole fraction). 

For a biological incubator use case, investigators are primarily concerned about the concentration of CO2 within 

their media which also directly influences pH. Henry’s Law relates the concentration of CO2 within the media, [CO2], 

to the partial pressure of gaseous CO2 outside the media, PCO2, as  

 

              𝐻𝑐𝑝 =
[𝐶𝑂2]

𝑃𝐶𝑂2
             (1) 

 

where Hcp is a solubility constant. Under ideal gas conditions, the partial pressure of CO2 can be directly related to 

mole density of CO2, nCO2, as 

 

              𝑛𝐶𝑂2 =
𝑃𝐶𝑂2

𝑅𝑇
            (2) 
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where R is the ideal gas constant and T is the incubator temperature. Therefore, it is preferred to control the mole 

density of CO2 and ignore absolute pressure. This approach is further supported by the common practice of biological 

researchers operating at altitude (such as in Boulder) to adjust their incubators to match the mole density of 5% CO2 

at sea level rather than simply targeting a 5% mole fraction of CO2. Experiments which require precise knowledge of 

absolute pressure can still request logged data from the ISS through separate channels; experiments which require 

control of the mole fraction of CO2 can still be accommodated with future software updates. 

The ACM CO2 sensors fundamentally measure mole density. To improve the intuitiveness of displays, the values 

reported by these sensors are converted to mole fractions by assuming ideal gas conditions and a constant ISS pressure 

of 1 atm. All displays added in the ACM software update refer only to mole fraction with the implicit understanding 

that mole density is the true parameter being actively measured and controlled. 

The basic feedback control requirement of ACM is to maintain the CO2 concentration within 0.5% of the setpoint 

for setpoints up to 5% CO2. CO2 concentration can be affected by opening the CO2 valve or closing the valve and 

allowing for the passive leakage of CO2 through the SRM door and into the ISS cabin. The rate of CO2 increase (when 

the valve is open) is roughly two orders of magnitude greater than the rate of CO2 decrease when the valve is closed. 

Additionally, there is roughly a 3 second response time delay between when the valve is opened and when the CO2 

sensors detect an increase in CO2. 

 

Several potential feedback control schemes were identified and compared based on the following considerations: 

1) Capable of maintaining a steady state CO2 concentration within 0.5% from the desired setpoint, 

2) Reasonable mitigation of overshoot when refilling the incubator starting from 0% CO2, 

3) Control constants that are robust against changes in the free volume of the incubator, 

4) Reasonably simple control logic that can be readily understood by our operations team, and 

5) Reasonable minimization of valve actuation cycles. 

 

We ultimately selected a staged Schmitt trigger scheme that incorporates configurable PWM valve cycling. For 

CO2 concentations below the lower Schmitt limit, the duty cycle of the CO2 valve is set to 100%. Once the lower 

Schmitt limit is crossed, the duty cycle is set to a configurable duty cycle. By default, this duty cycle is configured so 

that the valve is open for 500 ms and closed for 29500 ms with an overall duty cycle period of 30 seconds. Compared 

to a typical binary Schmitt trigger scheme, this approach greatly reduces overshoot. At CO2 concentrations above the 

upper Schmitt limit, the duty cycle is set for 0% and remains at that value until the lower Schmitt limit is again crossed. 

This scheme is illustrated in Figure 12. 

 

 
Figure 12. Simulation of a staged Schmitt trigger control scheme with limits of 4.8% and 5.2% CO2 

concentration and configured valve duty cycle of 10%. 
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The Schmitt trigger limits are nominally set for 0.10% below and 0.10% CO2 above the desired setpoint. When 

considered alongside the 0.25% error introduced by the sensors and data acquisition system, ACM will maintain a 5% 

setpoint with a total error of 0.35% CO2 (4.65% to 5.35%) meeting our accuracy requirement of 0.50% CO2. Typical 

overshoot above the upper Schmitt trigger limit when starting from 0% CO2 is 0.05%. 

Another feedback control scheme that got serious consideration but was not selected was a PWM PID control 

scheme where the valve duty cycle would be dynamically controlled to a non-zero value that would hold the setpoint 

almost perfectly. It was conjectured (although not verified) that this approach would require unique control constants 

(PID gains) depending on the free volume of SABL; it was not desired to retune the feedback control and recommand 

control constants whenever items are added to or removed from SABL. Additionally, a constant non-zero duty cycle 

introduced concerns about the number of valve actuation cycles and the resulting stress on the valve (although our 

valves are rated to millions of cycles in theory). 

C. Graphical Crew Display 

The baseline SABL software includes a touchscreen-based crew display which was developed with modularity in 

mind to support an expandable range of future functionality. A single display screen was added to the SABL software 

to provide basic monitoring and control of ACM as shown in Figure 13. The screen functionality is primarily intended 

for contingency operations as all monitoring and control will be performed from the ground under normal 

circumstances. The update also adds several ACM-specific values including real-time CO2 concentration to the 

always-visible status bar at the top of the display. This allows for crew members to quickly check the CO2 

concentration within SABL before opening the door. 

 

 
Figure 13. SABL Touchscreen display for control and status display of ACM. 

  



 

 

International Conference on Environmental Systems 

15 

D. Remote Commanding, Monitoring, and Deployment Interfaces 

By default, the states of the 4 analog inputs and 4 switched power supplies on the SABL incubator port are reported 

in telemetry to the EXPRESS rack and transmitted to both MSFC POIC and the BioServe POCC control centers. 

Additional ACM-specific values such as Schmitt trigger limits and feedback control states are added to an experiment-

specific portion of the baseline SABL telemetry packet. A major advantage of this approach is that SABL can support 

a number of simultaneous experiments with unique telemetry requirements without NASA being required to formally 

modify their packet definitions which minimizes the coordination effort required to deploy software and hardware 

updates. Additional displays and commanding capabilities have been added to BioServe’s ground software to monitor 

and control ACM-specific functionality. 

SABL was originally developed to accept software updates by swapping out the SSD of the communications and 

display computer and then flashing an image from that SSD to the core data acquisition and control computer. To that 

end, two SSDs and one backup flash drive are being flown on SpaceX CRS-9 to support the ACM update process. In 

parallel, SABL is expected to be fully capable of utilizing KuIP services by the launch of SpaceX CRS-9. KuIP will 

enable the timely uplink and deployment of ACM update assets directly to the on-orbit SABL units before launch. 

This remote update method is expected to become the preferred update method for ACM and future SABL inserts. 

V. Conclusion 

The paper summarizes the design considerations and ground testing results for a modular approach to CO2 

incubation aboard the ISS. The SABL incubator provides power, data and control interfaces, as well as temperature 

control. The ACM insert contains the supercritical CO2, sensors and actuators, while relying on SABL for the mission- 

and science-specific control utilizing these ACM assets.  

The chosen robust design provides a safe and reliable delivery method of high pressure CO2 despite the hazard 

potential and engineering challenges associated with supercritical CO2. The modularity and reusability for multiple 

sequential experiments allows for flexible and repeated use in cell culture research. The chosen control approach also 

allows for the change of setpoints to accommodate flexible research protocols. 
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