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INTRODUCTION

The  field  of  space  exploration  is
undergoing  a  profound  transformation.
No longer is it enough to simply launch a
satellite  into  orbit  or  send  a  rover  to
another  planet.  Today’s  missions
demand  a  seamless  integration  of
advanced engineering, rigorous analysis,
and deep scientific inquiry—especially in
the  life  sciences.  At  the  heart  of  this
convergence lies a powerful trio: Space
Mission  Engineering,  the  refined
methodologies  of  the  New  SMAD
(Space  Mission  Analysis  and  Design)
framework, and the growing domain of
Biosci  (biosciences).  Together,  they
represent a new paradigm for designing
and  executing  missions  that  not  only
push technological  boundaries but also
answer  fundamental  b io logica l
questions.  This  article  explores  how
these three pillars interact, why they are
cr i t i ca l  fo r  the  future  o f  space
exploration,  and  how  engineers  and
scientists are working together to create
missions  that  are  both  efficient  and
scientifically  groundbreaking.

THE EVOLUTION OF SPACE
MISSION ENGINEERING

Space  mission  engineering  has  always
been  a  discipline  of  trade-offs.  Mass,
power, budget, and schedule constraints
must  be  balanced  against  scientific

goals.  In  the  early  days  of  spaceflight,
engineering  was  often  linear:  design,
build,  test,  launch.  Many  missions
succeeded,  but  failures  were common,
often due to unanticipated interactions
between  subsystems  or  insufficient
u n d e r s t a n d i n g  o f  t h e  s p a c e
environment.  Over  the  decades,  the
profession  matured,  adopting  systems
engineering principles that  emphasized
iteration, verification, and validation.

From Traditional
to Modern
Approaches
Traditional  space  mission  engineering
focused heavily  on hardware reliability
and orbital mechanics. Engineers would
define  a  mission’s  objective,  design  a
spacecraft capable of achieving it,  and
then  test  extensively.  However,  this
approach  often  treated  the  science
payload as a black box—a requirement
to  be  accommodated  rather  than  an
integrated  component.  Modern  mission
engineering  flips  that  perspective.  It
starts  with  the  scientific  questions,
especially  in  biosciences,  and  then
designs  the  entire  mission  platform
around enabling those experiments. This
shift has been fueled by the New SMAD
philosophy, which encourages early and
continuous  collaboration  between
engineering  and  scientific  teams.
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The Role of
Systems
Engineering
Systems  engineering  remains  the
backbone of space mission engineering.
It provides a structured way to manage
complexity,  track  requirements,  and
ensure  that  every  subsystem—from
propulsion and power to thermal control
and data handling—works harmoniously.
When  biosciences  are  involved,  the
systems  engineering  challenge  grows.
Life  support,  radiation  shielding,
contamination  control,  and  sample
return  mechanisms  all  become  critical
subsystems that must be designed with
biological constraints in mind. The New
SMAD approach offers updated tools for
modeling  these  interdependencies,
enabling  teams  to  evaluate  trade-offs
early  and  avoid  costly  redesigns.

UNDERSTANDING THE SMAD
METHODOLOGY

For  decades,  the  book  “Space  Mission
Analysis and Design” (SMAD) has been
the  definitive  reference  for  spacecraft
and  mission  design.  It  provided  a
systematic,  step-by-step  process  for
defining  mission  objectives,  selecting
orbits,  sizing  spacecraft  components,
and  calculating  budgets.  The  New
SMAD  refers to the evolving practices
and  updated  editions  that  incorporate
modern  engineering  tools,  agi le
development, and a greater emphasis on
scientific payload integration—especially
biosciences.

What is SMAD?
(Space Mission
Analysis and
Design)
SMAD is more than a textbook; it  is a
methodology.  It  begins  with  mission
objectives  and  requirements,  then
proceeds  through  concept  exploration,
trade  studies,  subsystem  design,  and
validation.  The  classic  SMAD  process
uses  iterative  loops  to  refine  mass,
power,  and  cost  estimates.  It  also
introduces  the  crucial  concept  of
“heritage”—using proven components to
reduce  risk.  However,  biosciences
missions  often  require  novel  hardware
(e.g.,  biological  containment  units,
closed-loop life support) that have little
heritage. This is where the New SMAD
framework  adapts,  offering  probabilistic
risk  assessment  and  phased  verification
techniques to handle the unknown.

The New SMAD:
Updated
Principles for
Current
Challenges
The  New  SMAD  emphasizes  flexibility
and  early  prototyping.  It  incorporates
model-based  systems  engineering
(MBSE)  to  create  digital  twins  of  the
spacecraft,  allowing  engineers  to
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simulate  the  behavior  of  biological
experiments  under  varying  conditions.
Another key update is  the inclusion of
human  factors  and  biological  impact
assessments.  For  example,  when
designing a CubeSat to study microbial
growth in microgravity, the New SMAD
process would require detailed modeling
of nutrient delivery, gas exchange, and
temperature  gradients—not  just  the
spacecraft’s  power and telemetry.  This
holistic  view  ensures  that  the  final
mission design is robust not only against
mechanical  failures  but  also  against
biological  uncertainties.

BIOSCIENCES IN SPACE: THE
BIOSCI REVOLUTION

The  term  Biosci  encompasses  all
biological  and  life  sciences  research
conducted  in  space.  This  includes
studies of how microgravity affects cells,
plants, animals, and humans, as well as
astrobiology—the search for life beyond
Earth. In the last decade, the volume of
b iosc ience  exper iments  on  the
International  Space  Station  (ISS)  has
increased  dramatically,  and  new
commercial  platforms  l ike  small
satellites  are  opening  up  even  more
opportunities. The engineering required
to support these experiments is distinct
from traditional  spacecraft  engineering
because biological systems are alive and
dynamic.

Importance of
Life Sciences
Research in

Microgravity
Microgravity  offers  a  unique  laboratory
environment  where  gravity-dependent
processes  are  altered.  This  allows
researchers  to  study  fundamental
biology  without  the  masking  effects  of
sedimentation,  convection,  and
hydrostatic pressure. Discoveries in bone
density  loss,  muscle  atrophy,  immune
system  changes,  and  plant  growth
orientation have direct  implications for
future  deep-space  missions  and  for
medical applications on Earth. However,
designing a  mission that  can maintain
p r e c i s e  e n v i r o n m e n t a l
conditions—temperature,  humidity,
atmospheric composition, and radiation
levels—for  living  organisms  requires
specialized  engineering  expertise.

Key Biosci
Experiments and
Their
Engineering
Implications
F rom  the  Biosc i  pe r spec t i ve ,
experiments range from simple bacterial
growth  assays  to  complex  mammalian
tissue  cultures.  Each  imposes  unique
constraints.  For  instance,  if  a  mission
aims to study antibiotic resistance in E.
coli  under  microgravity,  the spacecraft
must  include  a  sterile  fluid  handling
system,  temperature-control led
incubators,  and  real-time  optical
monitoring. The New SMAD framework
helps  engineers  allocate  mass  and
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power  for  these  subsystems  while
ensuring  the  spacecraft  can  sti l l
communicate  with  Earth  and  maintain
attitude  control.  Recent  examples
include  the  “Micro-14”  experiment  on
the  ISS  and  autonomous  CubeSat
missions  l ike  PharmaSat,  which
successfully  tested  the  effects  of
antifungal  agents  on  yeast  in  orbit.

INTEGRATING BIOSCI INTO SPACE
MISSION ENGINEERING WITH
NEW SMAD

The true power of the Space Mission
Engineering New SMAD Biosci nexus
is realized when these three domains are
treated as a single integrated discipline.
Instead  of  designing  a  spacecraft  first
and  then  trying  to  fit  a  biological
experiment  inside  it,  the  New  SMAD
approach  begins  with  the  biological
question  and  works  outward.  This
changes  every  stage  of  the  mission
design process.

Designing
Missions for
Biological
Payloads
Biological  payloads  are  sensitive  and
often require active life support. Under
the New SMAD methodology, engineers
start  by  defining  the  “biological
requirements” in detail: tolerable ranges
of  temperature,  partial  pressure  of
oxygen  and  carbon  dioxide,  humidity,
vibrations  during launch,  and radiation
dose  l imits.  These  become  non-
negotiable  constraints.  The  spacecraft
structure,  thermal  control  system,  and

power subsystem must be sized to meet
these  constraints,  even  if  it  means
reducing other capabilities. For example,
a deep-space biosatellite might need to
carry extra power for a heating element
to keep cells warm during a cold transit.
The  trade-off  between  scientific  yield
and  eng inee r i ng  cos t  i s  made
transparent early in the design process.

Iterative Design
and Risk
Mitigation
One of the hallmarks of the New SMAD
is  its  iterative  nature.  In  a  bioscience
mission,  the  team  might  develop  a
preliminary  design,  then  conduct  a
biological “test” in a laboratory simulator
on Earth. The results feed back into the
eng ineer ing  mode l ,  lead ing  to
adjustments in the life support system,
sensor  placement,  or  sample handling.
This  cycle  repeats  until  the  mission
meets  both  scientific  and  engineering
success criteria.  Risk mitigation is also
handled  differently:  rather  than  relying
solely on heritage components, the New
SMAD  biosci  approach  advocates  for
redundancy in critical biological support
functions (e.g., duplicate incubator units)
and  for  gradual  verification  through
suborbital  tests  or  ISS-based precursor
missions.

CASE STUDY: RECENT MISSIONS
APPLYING NEW SMAD BIOSCI
PRINCIPLES

One  notable  example  is  the  NASA
“BioSentinel”  mission,  part  of  the
Artemis  I  flight.  BioSentinel  is  a  small
satellite (CubeSat) designed to study the
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effects of  deep-space radiation on yeast
cells.  The  mission  team  used  a  New
SMAD framework  from the  start.  They
defined  the  biological  endpoint—DNA
damage and repair  in yeast—and then
specified  the  spacecraft’s  environment
accordingly.  The  engineering  team
integrated a microfluidics system, optical
detectors, and a radiation dosimeter into
a 6U CubeSat,  all  while  keeping mass
and  power  within  tight  budgets.  The
iterative  process  allowed them to  test
biological  protocols on the ground and
refine the spacecraft’s thermal design to
maintain  yeast  viability.  BioSentinel
demonstrates  how  modern  space
mission  engineering  can  successfully
incorporate  biosciences  by  leveraging
updated design methodologies.
Another example is the Japanese “Space
Seeds”  project,  where plant  seeds are
launched into orbit and then returned to
Earth.  Here,  the engineering challenge
was to provide a stable microclimate for
seeds during the journey and to ensure
they could be safely recovered. The New
SMAD approach helped engineers model
the  heat  and  humidity  inside  the
container  and  design  passive  control
systems  that  required  no  power—a
trade-off  that  enabled  a  longer  mission
duration. These case studies show that
the  synergy  o f  Space  Mission
Engineering  with  New  SMAD  and
Biosci  is  not  just  theoretical  but
practical  and  successful.

FUTURE DIRECTIONS AND
CHALLENGES

As  humanity  pushes  toward  the  Moon
and  Mars,  the  role  of  biosciences  in
space missions  will  only  grow.  Closed-
loop  life  support  systems,  in-situ
resource utilization for growing food, and

the study of human adaptation to partial
gravity all depend on the integration of
biology  and  engineering.  The  New
SMAD  w i l l  cont inue  to  evo lve ,
incorporating  artificial  intelligence  to
optimize designs in real  time and new
materials that can better support living
organisms. However, challenges remain:
the cost of biological experimentation in
space  is  still  high,  the  verification  of
biological payloads is complex, and the
lack  of  standard  interfaces  for  life
sc ience  instruments  can  cause
integration  delays.  Overcoming  these
obstac les  wi l l  requ i re  ongo ing
collaboration between the space mission
engineering community and the Biosci
research  community,  guided  by  the
flexible  and  thorough  principles  of  the
New  SMAD  methodology.

CONCLUSION

The  synergy  between  Space  Mission
Engineer ing ,  t he  New  SMAD
framework, and Biosci is creating a new
era of exploration where spacecraft are
designed not just to survive in space but
to nurture and study life. This integration
is  making  missions  more  scientifically
productive,  more  resilient,  and  more
capable  of  answering  the  deepest
questions  about  biology  beyond Earth.
By adopting the iterative, requirements-
driven, and collaborative approach of the
New SMAD, engineers and scientists can
turn  the  dream  of  space  biology  into
routine reality. As we look ahead to lunar
bases  and  interplanetary  travel,  the
lessons  learned  from  merging  these
disciplines  will  be  indispensable.  The
future  of  space exploration is  not  just
about reaching new worlds—it is about
understanding life everywhere, and that
understanding begins with the design of
the mission itself.


