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Abstract— Thermal connectors (card holder, retainer, thermal
connector, etc.) have played a critical thermal management role
for decades for electronic components. The Defense Advanced
Research Projects Agency (DARPA) and the Office of Naval
Research have long been aware of the importance of this thermal
management technology, and as such hosted the first two FieldReversible Thermal Connector (RevCon) challenges. Later, with
DARPA’s support, the University of Missouri hosted the RevCon
III and RevCon IV competitions in 2014 and 2015. The number
of competing teams has increased from four in RevCon I to nine
in the first phase of RevCon III and 11 in RevCon IV. This
event has expanded by creating: 1) crowdsourcing with more
effective channels; 2) broader involvement from international
teams; 3) an effective two-phase down-selecting procedure so
that the uniqueness of their concept, concept feasibility, mass
production cost analysis, complete project plan, and the delivery
of a real prototype after the execution of the first phase can be
well evaluated; and 4) better judgment on thermal performance
with the combination of vibration and vacuum testing by experts
from AFRL, Rockwell Collins, Honeywell, Raytheon Integrated
Defense Systems, BAE Systems, HRL, Lockheed Martin Space
Systems Company, and Advanced Cooling Technologies Corporation. Progressively challenging metrics were set for participating teams to achieve in subsequent challenges, leading
to unique and novel prototype concepts from the teams. The
thermal performance of the prototypes is generally outstanding: the majority outperforming advanced commercial-off-the
shelf thermal connectors with thermal resistance values as low
as 0.1 °C/W.
Index Terms— Electronic packaging thermal management,
product design, thermal resistance.

I. I NTRODUCTION
HE DEMAND for housing electronic assemblies for use
in airborne or other military applications is obvious. The
mounting arrangement is critical and typically quite sophisticated to accommodate operation over a wide range of extreme
environmental conditions, such as vibrations, extremely low
pressures, and temperature variations. Early designs usually
focused on just the mechanical retaining mechanism. Those
mechanisms were as simple as a clip mount [1] or clamping
spring [2]. A more elegant design included a strut spring with
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a compression screw [3], a cam lever actuating a series of
cam ramps [4], a latching handle controlling an eccentric cam
shaft [5], a pair of receptacles and pins to secure a board that
is guided by springs [6], or a mechanism composed of an
elongated spring strip extending in the direction of its length
along the edge portion and having corrugations transverse to
its length, controlled by a lever [7].
Thermal issues were not directions addressed in early
designs and patents, presumably due to the low-level heat generated by the electronic components of the era. Some patents
probably envisioned this increasingly important issue. In [8],
an improved electrical, mechanical, and thermal connector is
disclosed, containing roller members in an elongated staggered
arrangement so as to exert force and lock the connector to the
main frame. Later in [9], a packaging arrangement is described
where a coating of a material having properties of high thermal
conductivity and a low coefficient of friction (e.g., Teflon)
between the heat sink strips on the edge of the board and the
frame member. Although the pushing mechanism mentioned
in U.S. Patent #3467891 achieves wedging of the contact
portion for a series of rollers, U.S. Patent #3735206 is probably
the first patent that proposed a clear wedge technique for
packaging and mounting printed circuit boards that is widely
used today. The concept protects printed wiring boards from
vibration, conducts component-generated heat to the chassis,
and augments chassis rigidity and damping [10]. Koenig [11]
later filed a patent describing a wedge design where the end
facing surfaces of the wedge-shaped elements are beveled in
two directions along 45° angles. In this arrangement, when the
wedge-shaped elements are drawn together, they tend to spread
apart along a 45° angle, whereby contact is made with two
surfaces at right angles to each other. A butt plate held against
the cold wall by a screw is needed to confine the movement of
such a device. Another wedge design was patented, in which
a series of internally hollow ramps allows a long screw to
pass through, carried by a jackscrew [12]. The ramps with
jackscrews were, however, not separate but designed to come
with a printed circuit card. Another plug-in and slide-in module was later patented [13], which claims to have an improved
locking mechanism. In this arrangement, a wedge-lock design
is described, in which a rotational lever causes cam surfaces
created by the wedges to depress a spring, thus applying a
biasing force against one wedge, which in turn moves another
wedge into contact with the rails and facilitates heat transfer.
Jensen [14] filed a patent, describing a standalone insert
and an electronic circuit module retainer apparatus, having
interlocking wedge-shaped components, to allow tightening
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using a single screw turned from the module insertion side of
a chassis. The arrangement of the wedge-shaped components,
along with its locking mechanism, became a prototype for
other market successors to later improve on. The patents
that followed then provided modified mechanisms, either on
the device or on both the housing (chassis) and the device.
Examples of these improved designs include a two-piece
sawtooth card retainer containing multiple wedge surfaces in
each piece [15], a two-wedge guide system [16], a combination
of a wedge-shaped clamping element and cooling canals [17],
a wedged arrangement connected to a thermally conductive
panel that is in close proximity to a component side of a
printed circuit board, in order to capture the radiative heat
and permit heat transfer by conduction from the panel to
the chassis [18], a wedge-design with an additional bar that
uniformly applies pressure to a circuit board mounted between
spaced surfaces [19], a guide cover to prevent rotation between
adjacent wedges during securing processes [20], and so on.
It should be noted that Morrison [21] filed a patent that
disclosed a hydraulic thermal clamp for electronic modules.
This is the first time expansion from an enclosed fluid was
utilized in clamping the module between two guide rails.
Upon entering the 21st century, the design for innovative edge-cooling devices became even more challenging.
Thermal management of high-power phased array radar and
electronic warfare systems utilizes fluid flow within cold
plates that interface with edge-cooled electronic assemblies
in order to remove increasing amounts of heat from wideband-gap RF power amplifiers. This interface, typically a
mechanical coupling (in wedge shape), has to provide not
only a good securing mechanism with easy load and unload
procedures, but also good thermal contact between the cold
plate and electronic assembly. An advanced commercial-offthe-shelf (COTS) thermal connector currently has a thermal
resistance of about 0.35 °C/W for a 15-cm-long connector.
The Defense Advanced Research Projects Agency (DARPA)
is aware of the importance of thermal connector technology
advancement. In order to address this issue and bring it to
the thermal community’s attention, DARPA and the Office
of Naval Research hosted the RevCon I and II competitions
during 2012 and 2013. The outcomes were very inspiring,
and demonstrated that the thermal performance of innovative
thermal connectors can be improved significantly. Four universities participated in RevCon I, and their approaches (in brief)
are shown in Table I. A hydraulically actuated connector (by
Georgia Tech) was demonstrated to have a thermal resistance
of 0.1 °C/W. In RevCon II, only the University of Missouri,
Columbia, was selected and their approach was based on
skived fins with a thermal resistance of 0.21 °C/W. These
results are very encouraging because it demonstrates that
the thermal connectors still have room for great potential
improvement.
II. I NTERNATIONAL RevCon C OMPETITION III AND IV
In 2013, The University of Missouri (MU) proposed to host
the DARPA Field-Reversible Thermal Connector (RevCon)
Challenge III—International RevCon Challenge to encourage

TABLE I
RevCon I S ELECTED T EAMS AND P ROPOSED C ONCEPTS

driven college students from across the globe to tackle challenging design problems in electronic thermal management.
The number of participating student teams in these competitions has increased from four in RevCon I and one in
RevCon II to nine in the first phase of RevCon III. RevCon III
was also expanded to become an international event.
In 2014, MU continued the competition (International RevCon
Challenge IV) with additional metrics for student teams to
achieve. Different from RevCon I and II, the competition for
Revcon III and IV, where the final demonstrations were held
on MU’s campus, has the following innovative claims.
1) Crowdsourcing with more effective channels: To spread
the RevCon Challenge to college students in a more
efficient manner, MU promoted this RevCon Challenge
through ASME and IEEE CPMT student chapters with
the support of student advisers, department chairs, and
deans of engineering schools.
2) Broader involvement from international teams: MU promoted this program to international universities with
support from the Institute for International Development
at MU and the School of Journalism. Previous RevCon
participators have all been from universities within the
United States. Since the technological achievements of
countries outside of the U.S. are too significant to be
overlooked, the event was promoted to include university
teams from foreign countries. This generates a larger
pool of intuition and a broader more diverse involvement
among younger generations.
3) Longer program execution period for student design
teams: MU increased the performance period from
4–5 to 17 months (III) and later 10 months (IV) so
that the students can have adequate time to refine and
demonstrate their design concepts.
4) Effective two-step down-selecting procedure: The selection was divided into two steps. In the first step, college
teams who were interested in the program from all over
the world submitted their proposals to MU, to address
the uniqueness of their concept, the concept feasibility,
mass production cost analysis, and a clear plan to complete the entire project. The selected teams were given an
award to support their materials and prototyping costs.
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TABLE II

TABLE III

P ROGRAM T ECHNICAL M ETRICS FOR S TUDENT D ESIGN T EAMS

D ISPLACEMENT A MPLITUDES FOR S INGLE -F REQUENCY
E XCITATION T ESTS

In the second step, the winning teams from the first step
were down-selected based on their preliminary outcome.
The winning teams from the second step were rewarded
to refine their designs and invited to the conference
held at MU, where they demonstrated their thermal
connector on-site. This two-step elimination promotes
rapid innovation and increases productivity in a limited
time period.
5) Adopting program for facilitating technology transfer:
MU contacted thermal-connector developers, vendors,
and users regarding the adoption of the designs developed in this program. The adopters served as mentors to guide adoptees for meeting Phase II goals and
customizing their designs.
6) Better judgment on thermal performance with the
combination of vibration and vacuum testing: Essentially all inserted materials in the electronic boxes will
experience vibration, whether during transportation or in
operational use. In some applications involving altitudinal changes, the corresponding thermal performance
may deteriorate as the air thins. The measurement
of thermal performance during which vibration and/or
vacuum occurred can provide better understanding and
guidance to the thermal connector design. The vacuumcapable testbed developed at MU included the thermal
and vibration performance test at the same time, following military standards (MIL-STD-810G). This testbed
has never been developed for the previous RevCon
challenges.
The device was expected to maintain a thermal resistance
lower than 0.2 °C/W for a 15-cm thermal connector in
RevCon III and 0.1 °C/W in RevCon IV, over multiple thermal
cycles in a specified power range, vibration environment,
and clamping force. The prototype device should be 15 cm
(about 6 in) in length and have a contact area appropriate for
the test rig. The width of the new design should not exceed
1/4 in (or 6.35 mm). The selected teams were expected to
develop their test strategy and design their prototype devices
to meet the metrics listed in Table II.
1) Thermal resistance: The thermal resistance of the prototype device is expected to be measured under the
vibration environment defined in Table III.
2) Clamping force: The proposed clamping mechanism
should not damage the test rig. Pressure paper (Fujifilm

Prescale Film) was provided to the selected teams to
allow the contact pressure to be measured in the cold
block. The pressure was then transferred to the corresponding clamping force.
3) Vacuum: The thermal resistance of the prototype thermal
connector is expected to be measured under a vacuum
of 10−3 torr or better.
In order to broaden the selection pool, a simple version of
the vibration test was suggested to the teams who considered
participating in the RevCon challenge. The following simple
vibration test method expected to be performed by the selected
teams is based on the protocol for the mechanical vibration of
shipboard equipment (MIL-STD-167-1).
1) Single-frequency test: The prototype should be vibrated
from 4 to 33 Hz in discrete frequency intervals of 1 Hz
at the amplitudes shown in Table III. At each integral
frequency, the vibration should be maintained for 5 min.
In addition, the ease of loading and unloading of the
prototype thermal connector was also emphasized.
1) Insertion/removal of prototype thermal connector: Due
to the nature of the electronic boxes used in the
military, it is preferred that the thermal connector is
slid in and removed out along the x-direction shown
in Fig. 2. Therefore, it is necessary to address the
instructional information regarding each prototype’s
insertion/removal procedures.
III. T ESTING M ETHODOLOGY AND FACILITIES
The MU testbed for RevCon III is composed of a data
acquisition system, a shaker (LDS 456) with a fixture and
a cooling block, and a chiller. Fig. 1(a) shows an aluminum
fixture fastened on top of the shaker head. A cooling block
is assembled with the fixture [Fig. 1(b)]. Two accelerometers
are attached on the cold block (control) and aluminum board,
respectively. Temperature monitors (including RTDs and thermocouples) are attached on both the aluminum board and
cooling block for further analysis of the thermal resistance.
Insulation material is used to prevent heat loss to the ambient
and for more accurate predictions. The shaker is controlled by
a shaker controller [Fig. 1(c)].
A. Thermal
Fig. 2 schematically demonstrates the temperature monitoring and vibration detection setup.
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Fig. 1. Testbed assembly in 2014. (a) Aluminum fixture fastened on top
of the shaker head. (b) Typical cooling block design similar to the previous
RevCon test setup is mounted on top of the fixture shown in (a). Temperature
monitoring is performed at multiple locations (using RTDs or thermocouples).
Two accelerometers are used: One is attached to the cold block for control
purposes, and one is attached to the Al board for monitoring purposes.
(c) Shaker is controlled by an LDS Comet-USB system.

Fig. 3. Random vibration levels for fixed-wing jet aircraft, helicopters, and
watercraft. The rectangular shaded area represents the watercraft level, the
darker shaded area above it represents the helicopter level, and the rest of the
area covered under the solid line represents the level for jet aircraft. These
test levels were analyzed using the MU test facility.

B. Vibration

Fig. 2. Schematic of temperature monitoring and vibration detection setup.
Vibration is controlled and monitored through accelerometers A1 and A2
along a single axis (parallel to gravity).

T1 and two kinds of thermal resistances are considered as
metrics for the thermal analysis
R = T /Q = [T1 − (T5 + T6 )/2]/Q
R ∗ = T /Q = (T2 − (T3 + T4 )/2]/Q

(1)
(2)

where R and R ∗ represent the estimation of the overall thermal
resistance (from T1 and T2 , respectively) of the thermal
connectors with the bottom temperature at different locations,
by averaging T3 and T4 , or T5 and T6 . Although T2 is closer to
the device location, this temperature measurement is sensitive
to the design of the device. Depending on the particular
device, such as a three-wedge connector with a gap between
the central wedge and the aluminum board, T2 may give a
higher temperature with a lower R, in comparison with another
device that has a higher R but lower T2 (which did occur
during the measurement). On the other hand, T1 will be less
sensitive to the designs and more representative since the
ultimate goal is to lower the temperature at the heat source
location.

It is noted that catastrophic failure of a constructed structure
often happens around its resonance frequencies. The vibration
exposure levels shown in Fig. 3 are based on three different
military standards for fixed-wing jet aircraft, helicopters, and
watercraft (MIL-STD-810G). To further investigate the influence of vibration on the thermal performance of each newly
designed thermal connector, MU conducted exploratory singlefrequency vibration tests at resonance frequencies within
1–2000 Hz for each prototype device that could be successfully mounted to the testbed. MU first performed an impulse
response test to determine the first five resonance frequencies
within the 2000-Hz range for each device. Then the device was
excited at each of the frequencies for 5 min while the thermal
test was performed. The corresponding thermal resistivity
under those single-frequency excitations was analyzed. Each
selected team sent their prototype device along with their
midterm progress report to MU by the end of the first phase,
and performed an on-site physical demonstration during the
conference at MU.
C. Vacuum
In 2015, the testbed was modified in order to incorporate
the vacuum testing. The modified testbed is still composed
of a data acquisition system, a shaker (LDS 456) with a
fixture and a cooling block, and a chiller. Fig. 4(a) shows
an aluminum fixture fastened on top of the same shaker head.
A vacuum pump (Welch DuoSeal 1402B01) was used to create
the vacuum. A cooling block is assembled with the fixture
[Fig. 4(a), not seen here]. Two accelerometers are attached
on the cold block (control) and aluminum board, respectively. Temperature monitors (thermocouples) are attached
on aluminum board and outlets of cooling ducts for further
analysis of thermal resistance. Insulation material is used to
prevent heat loss to the ambient and for more accurate predictions [Fig. 4(b)]. An acrylic tube, covered by an aluminum
plate (TCs/heating/Acc communication cords), makes up the
vacuum chamber [Fig. 4(b)].
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Fig. 4. Revised testbed assembly in 2015. (a) Aluminum fixture fastened on
top of the shaker head. (b) Chamber designed to perform previous RevCon
vacuum testing is mounted on top of the fixture shown in (a).

D. Experimental Error
The overall uncertainty of the thermal resistance is calculated based on the method described in [24] and [25],
determined from the measured temperatures and provided heat
flux. The class-B RTD used for T3 and T4 has accuracy
uncertainty from ±0.4 °C (at 20 °C) to ±0.5 °C (at 40 °C).
The type-K thermocouple used for T1 , T2 , T5 , and T6 has an
accuracy uncertainty of ±2.2 °C. The power supplied to the
resistive heater has an accuracy uncertainty of ±0.24% for
both supplied current and voltage (including programming,
readback, and stability accuracy uncertainties). The relative
uncertainty in the calculated thermal resistance R was determined to be no larger than ±13.4% at 50 W, ±4.8% at
100 W, ±3.3% at 150 W, and ±2.5% at 200 W. The relative
uncertainty in R ∗ was determined to be no larger than ±60.7%
at 50 W, ±9.3% at 100 W, ±6.5% at 150 W, and ±5.1%
at 200 W.
IV. T HERMAL C ONNECTORS AND D ESIGNS
F ROM S TUDENT T EAMS
A. 2014 RevCon III
In the solicitation phase, nine student teams, including one
from China and one from Taiwan, submitted their conceptual proposals. Seven judges reviewed the proposals, with
representatives from Rockwell Collins, Honeywell, Raytheon
Integrated Defense Systems, BAE Systems, HRL, Lockheed
Martin Space Systems Company, and ACT Corporation. After
being reviewed by the judges, eight out of nine teams moved
into the first phase. Seven out of eight teams then moved into
the second phase and demonstrated their devices and thermal
tests at the competition at MU. This report covers the design
from each of the awarded teams and some of their device
performance data.
1) Donghua University (China): The design proposed by
Donghua University (DHU) in the first phase was a metal
box filled with graphite powders. The graphite powders are
analogous to liquid when squeezed in a confined space, which
shows a similar concept to that disposed in US4994937 [21].
Two screws from both ends of the connector push the powder
inside, resulting in the deformation of two copper plates
inside the metal box that exerts a clamping force against the
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Fig. 5. Thermal connector delivered from DHU. (a) Side view of the device.
(b) Device in loading mode. (c) Modified version in the second phase with
one screw.

aluminum board and the rail. Fig. 5(a) demonstrates the size
of their design and also shows the connector being loaded into
the aluminum slot [Fig. 5(b)]. Moving in to the second phase,
DHU modified their metal-box design filled with graphite
powder to be squeezed by only one screw from one end of
the connector [Fig. 5(c)].
The design delivers a straightforward way to load/unload
from the slot. During removal, one does not need to wiggle
the device in order to loosen the contact surfaces. Graphite
powder seems to come out with the screws. It can be
anticipated that after multiple runs, some of the powder
may be lost. There is no clear indication of how deep
the screws should/can go. On the other hand, an electrical
screwdriver may help to accelerate the tedious work of screwing/unscrewing the device. Following our suggestion, their second prototype has a single and larger screw, which follows
the rule of single-side loading/unloading. They won the most
innovative design.
2) Georgia Institute of Technology: Georgia Institute of
Technology delivered a device with pistons driven by hydraulic
force. Although it shows a similar hydraulic concept disposed
in US4994937 [21], the use of a piston is novel. Both devices
delivered during the two phases were similar: Only the serial
copper pistons for the second phase are larger in diameter than
those in the first phase. Working fluid (honey) is enclosed and
sealed inside the copper housing. When the screw is tightened,
the working fluid is squeezed. The change of the fluid volume
due to such squeeze is transferred into movement at the piston
end. The size of the device and a depiction of it in loading
mode can be found in Fig. 6.
The design proposed by Georgia Tech looks sophisticated.
However, it took them a while to load their device onto the
testbed during the competition, mainly because their competition device did not leave enough clearance in relaxation.
During removal, the pistons seemed not to retreat smoothly.
In addition, it leaked and contaminated the slot in the preliminary test and during the competition.
3) Mississippi State University: Mississippi State delivered a pure-copper thermal connector during the first phase,
although they planned to deliver a pulsating-heat-pipe thermal
connector (due to failure on brazing). This first prototype
is composed of three major pieces: one central wedge and
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Fig. 6. Hydraulic thermal connector delivered by GT. (a) Side view of the
device. (b) Device in loading mode.

Fig. 7. Pulsating-heat-pipe embedded design delivered by MSU. (a) Side
view of the device. (b) First device in loading mode. (c) More detailed
photograph showing two shims and one wedge with PHP grooves and one
plain wedge (photograph provided by MSU). (d) Second device in loading
mode.

two shims, all in copper, with one screw on one end. This
three-wedge design is analogous to other wedge designs since
Raytheon first disclosed their concept [14]. The size and
assembly can be seen in Fig. 7. Later in the second phase,
Mississippi State delivered a pulsating-heat-pipe thermal
connector [Fig. 7(d)].
The insertion of the first prototype is tricky: We found that
one has to work on top of the device and tweak the center
wedge in order to have both shims balanced on both sides.
It is probably because the shims are sharp, causing the mating
surfaces between the shim and the center wedge to be sensitive
to the angle. The insertion of the second prototype was not
complete during the competition, as can be seen in Fig. 7(d),
where the shim part was not fully inserted into the slot.
MSU did not seem to leave enough clearance while designing
and manufacturing their prototype.
4) University of Missouri: MU proposed a two-wedgewith-indium-interface thermal connector and had it fabricated
through laser metal direct sintering. Unlike other typical
designs that address only clamping forces to the board, the two
wedges provide angled (or beveled) contact surfaces to provide
clamping forces on the surface between the device and the
rail, and its perpendicular surface on the bottom, which is
analogous to [11]. The two wedges move against each other
through tightening an end screw. The size and the assembled connector can be seen in Fig. 8(a) and its loading
mode in Fig. 8(b). MU modified their two-wedge design
by introducing indium at the interfaces, which can be
seen in Fig. 8(b) (rippled surface). This should, theoretically,
improve the thermal performance.

Fig. 8. Two-wedge design delivered by the MU team. (a) Side view of the
device. (b) Device in loading mode.

Fig. 9.
Two-wedge thermal connector designed by the NTHU team.
(a) Side view of the device. (b) Device in loading mode. (c) Side view
of NTHU’s wedge thermal connector and its auxiliary tool for loading and
unloading (drawing from the NTHU report).

The loading procedure for MU’s device is fairly easy as
the relaxation thickness of their design has enough clearance against the slot width. The current screw size can be
enlarged in order to exert a larger clamping force. The retreat
(or unloading) for the first prototype is an issue since the
beveled surfaces are long and tend to jam together.
5) National Tsinghua University (Taiwan): NTHU delivered a sophisticated device with fine surfaces. The device is
mainly composed of one front wedge and one rear wedge
[Fig. 9(a)], which can be referred to as one of the concepts
disclosed in [20]. The total length of the device is longer
than 6 1/2 in. The first prototype could not be loaded onto our
testbed (not enough clearance). The second prototype had a
reduced thickness and was successfully loaded/unloaded onto
our testbed and had very good thermal performance [Fig. 9(b)].
The device comes with an auxiliary tool set for installation
[Fig. 9(c)]. The installation tool is designed to help slide the
device into the slot, fasten the device through the hexagonal
screw during loading, and unload the device by bringing the
front wedge and the rear wedge apart. After loading and
unloading, the auxiliary tool can be easily removed and does
not stay with the device.
The wedge device, along with the loading tool, was made
with very good quality. During the competition, the device
could be loaded only from the top (not from the side) of the
slot. This limits its application in the real world. One easy
way to fix this problem is to reduce the thickness of all of the
pieces in their system.
6) University of Maryland: The University of Maryland
designed a seamless two-piece wedge with an end screw that,
when tightened, results in pushing two wedges laterally for
clamping purposes. The design is sophisticated, in that the
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Fig. 10. Seamless wedge designed by the University of Maryland team.
(a) Side view of the device. (b) Device in loading mode.

Fig. 12. Concept of DHU’s thermal connectors. (a)–(c) Images are adopted
from DHU’s report. (d) Side view of two prototypes and their size. (e) Rippled
surface resulting from jamming during unloading.

B. 2015 RevCon IV

Fig. 11. Improved double-sided wedges designed by the UIUC team. (a) Side
view of the device. (b) First prototype in loading mode. (c) Second prototype
in loading mode. (d) Image of the anodized aluminum wedgelock provided
by UIUC.

lateral movement is transferred to vertical movement through
another set of wedges on top. In their second prototype,
they reduced the number of top pieces from four to three.
The lateral movement is still transferred to vertical movement
through another set of wedges on top. The side view and the
loading mode can be seen in Fig. 10.
The design of the device is sophisticated and robust.
The device can go through multiple loading and unloading
processes without showing any notable wearing. The first
piece (L-shaped) that connects the end screw on the side and
the top wedges [Fig. 10(a)] seems to have too much freedom
of movement, resulting in blocking or swinging activities
during loading. Unlike the first prototype, which is simple
to load to and unload from the slot, the second prototype has
thicker copper wedges. The clearance is not large enough in
the second device. Fortunately, they had fixed this problem
before the competition.
7) University of Illinois at Urbana-Champaign: UIUC’s
thermal connector is unique and the closest design to commercially available products. Made of aluminum, the device
[Fig. 11(a) and (d)] can be slid smoothly into and out of the
slot, as shown in Fig. 11(b) and (c). The major difference
between these two prototypes is the fastening nuts. After
revising the first prototype, the team replaced the hex nut with
a modified nut of smaller diameter, which can fit into the slot.
Otherwise, the device is limited in the insertion depth [hex nut
stuck at the edge shown in Fig. 11(b)].
UIUC’s design is reliable with easy loading and unloading
procedures. The relatively high number of interfaces may make
it less competitive in thermal performance, compared to other
designs.

MU continued hosting the RevCon competition
in 2014–2015. In the solicitation phase, ten student
teams (including six U.S., one Chinese, one Iraqi, one
Taiwanese, and one Turkish team) submitted their conceptual
proposals. The proposals were reviewed by judges from
Honeywell, Raytheon Integrated Defense Systems, BAE
Systems, HRL, Lockheed Martin Space Systems Company,
Rockwell Automation, Rockwell Collins, GE Global
Research, and ACT Corporation. After being reviewed by
the judges, eight out of ten teams moved into the first
phase. Seven out of eight teams then moved into the second
phase, and demonstrated their device and thermal tests at the
competition hosted at MU. The conference was shortened to
one full day. The judgment team was composed of experts
from AFRL, Lockheed Martin Space Systems Company,
BAE Systems, HRL, Rockwell Collins, Raytheon Integrated
Defense Systems, Honeywell, and ACT Corporation.
1) Donghua University (China): DHU has participated in
the RevCon competition since 2014. The innovation delivered
by DHU is appreciated: hydraulic clamping force provided by
graphite powder. A solid rod [Fig. 12(a)] is screwed into the
closed chamber (full of graphite powder) and causes the chamber to deform along the perpendicular direction of the rod,
as shown in Fig. 12(b). In 2015, DHU replaced a single-rod
design with a rod-wedge design shown in Fig. 12(c).
In the second phase, DHU delivered two prototypes. Both
have screws from one end of the connector, which can move
into the device and squeeze the powder. The tightening of the
screw results in the deformation of the copper housing of the
chamber that exerts a clamping force to the adjacent surfaces
of the aluminum board and the cold wall. Unfortunately,
it could not be smoothly unloaded [rippled surface shown
in Fig. 12(d)] during the preliminary tests. A new device for
the onsite competition, provided by DHU, did not show any
jamming.
The design delivers a straightforward way (but tedious: takes
longer time to screw/unscrew) to insert and remove the device
during the competition. It should be noted that the soldering
edges are slightly thicker than the aluminum slot. Sanding
those edges should be able to thin the device and resolve this
issue.

1188

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 6, NO. 8, AUGUST 2016

Fig. 14.
3-D wedge design proposed by MU. (a) 2014 version.
(b) 2015 version with additional OHPs. Images are adopted from MU’s report.
(c) Three-wedge design delivered by the MU team before the competition.
(d), (e) Loaded device on the testbed.
Fig. 13. Thermo-hydraulic design proposed by GT. (a) 2014 version with
pistons. (b) 2015 version with a copper diaphragm. Images are adopted
from GT’s report. (c) Side view of the prototype with a copper diaphragm.
(d) Device in loading mode.

2) Georgia Institute of Technology: Georgia Institute of
Technology’s design for the first phase is similar to their
previous thermal connector with hydraulic pressure inside a
copper series. In 2014, GT used a piston design to exert
hydraulic force [Fig. 13(a)]. A screw-plunger system is
adopted in their 2015 design [Fig. 13(b)]. In addition, a flexible diaphragm (in copper) that covers the hydraulic fluid
(water and glycerin mixture) was provided for the competition
[Fig. 13(c)]. A critical part of the manufacturing process was
to connect the diaphragm with the copper base plate. There
were two methods that were used: epoxy gluing and soldering
[gray sealing in Fig. 13(c)]. This type of hermetic seal did
not seem to work because leaking was still an issue during
the competition. Fig. 13(d) displays a complete insertion
of the device, which shows acceptable clearance. However,
the device does not seem to exert decent clamping force when
the hex screw totally immerses into the device. We later found
some liquid left inside the slot. The hydraulic design has to
have good sealing in order to operate in harsh environments,
such as those in vacuum.
3) University of Missouri: The University of Missouri
participated in 2014 RevCon with a 3-D wedge design
[Fig. 14(a)]. The interface between the base piece and the moving piece is angled both horizontally and vertically, resulting
in both horizontal and vertical movements, and corresponding clamping forces. In 2015, MU incorporated oscillating
heat pipes (OHPs) into their design [Fig. 14(b)] in order to
further improve the thermal conductivity of the device itself.
For both prototypes, direct metal laser sintering was chosen to fabricate the sophisticated wedge surfaces with metal
powders. The device surface was sanded before being delivered. This could improve the surface smoothness and thus
lower the thermal resistance during operation. MU sent a
three-wedge device made of stainless steel [CAD drawing
shown in Fig. 14(c)]. They also used indium at the interface
area. This should improve the thermal performance by reducing the air pockets at the interfaces.

Fig. 15. Wedge design with loading/unloading tool proposed by NTHU.
(a) Two-wedge design. (b) Three-wedge design. (c) Tool provided to
load/unload the device. Images are adopted from NTHU’s report. (d) Side
view of the device.

Right before the competition, the device with OHPs was
ultimately delivered [Fig. 14(d)]. This prototype was filled
with DI water [inlet and outlet shown in Fig. 14(d)], but it
is unclear whether the oscillating behavior occurs under the
specified thermal loads. In Fig. 14(e), the prototype with OHPs
was loaded onto the testbed, showing no difficulty during
loading and unloading. The design of the device leaves enough
clearance for loading. One suggestion for this device is to use
larger screws, which can theoretically exert a larger clamping
force.
4) National Tsinghua University (Taiwan): In 2014,
National Tsinghua University delivered a two-wedge device,
made of copper and coated with nickel. The device performed
well during the 2014 competition. A schematic of this device is
shown in Fig. 15(a). In 2015, NTHU delivered a three-wedge
device during the first phase [Fig. 15(b)]. An auxiliary tool that
can facilitate the loading and unloading process was designed
and provided [Fig. 15(c)]. Mating magnetic buttons were used
to secure and hold wedge pieces, which is novel but may
generate secondary effects on the electronic components on
the boards.
National Tsinghua University delivered a neat device with
fine surfaces. Their second prototype could be loaded onto
our testbed easily. NTHU also brought another device for
competition. Both of these prototypes demonstrated consistent
thermal resistance.
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Fig. 18.
Single-piece two-wedge device designed by the University of
Maryland team. (a) Side view of the device. (b) Loading mode.
Fig. 16. Side view of NTHU’s wedge thermal connector and its auxiliary
tool for loading and unloading.

Fig. 17.
Evolution of Maryland’s prototypes. (a) 2014 version.
(b) 2015 version for the first phase. (c) 2015 version for the competition.
(d) Loading/unloading mechanism. Images are adopted from Maryland’s
report.

Fig. 16 displays the side views of the device and its
loading/unloading tool. During the competition, the device
was loaded from the side of the slot. However, the loading
tool (bulky) limits its application in the real world: It will not
be able to slide all the way from one side to the other when
an electronic board has components/chip sets occupying the
space where the loading tool has to cross.
5) University of Maryland: In 2014, the University of
Maryland delivered a device with a unique mechanism:
wedge movement along two directions [Fig. 17(a)]. When
tightening from the right screw, the top bolts will transfer the horizontal movement (the same as the tightening direction) into perpendicular movement for the bottom
two-wedge pieces. In RevCon IV, Maryland delivered a
two-wedge prototype (made in Al alloy) without bolts
on the top [Fig. 17(b)]. This device can theoretically be
loaded onto the testbed (if there is enough clearance). However, unloading of the mechanism is unclear. Later in the
2015 competition, Maryland delivered a two-wedge device
[Figs. 17(c) and 18(a)] and provided an unloading mechanism
[Fig. 17(d)].
With this final prototype, one is able to tighten the end screw
that results in pushing the two wedges laterally for clamping
purpose. Different from their second prototype [Fig. 17(b)],
which is made of Al alloy, the prototype for competition is
made of copper alloy. This material improvement in thermal
conductivity may result in reducing thermal resistance. The
threaded rod was too long for vacuum tests because it blocked

Fig. 19. (a), (b) Two different kinds of two-wedge designs delivered by
Ozyegin University. Images are adopted from OU’s report. (c) Side view of
the devices showing sizes. (d) Second device in loading mode.

the acrylic tube [Fig. 18(b)]. In addition, the rod experienced
necking and was broken during the unloading process.
The final prototype (in copper) is easy to load onto
and unload from the slot without the issue of screw size
shown in the first prototype and without help from any
auxiliary tools.
6) Özyegin University (Turkey): This is the first time
Özyegin University (Turkey) has participated in this competition. During the first phase, OU delivered a top-down wedge
design and had it fastened through three screws [Fig. 19(a)].
However, the device was too thick to fit into our testbed. For
the second phase modification, OU considered the reviewer’s
comments and altered the thickness of their original design.
Unfortunately, OU’s top-down wedge device was still too
thick (∼50 µm thicker). The team delivered another two-piece
wedge (uneven: one wedge is smaller than the other), in which
the wedges are connected by a thin rectangular aluminum
piece (impractical in the field), as shown in Fig. 19(b).
Both devices [Fig. 19(c)] are sophisticated. However, they
both have room for improvement: impractical top-down loading/unloading and the presence of a small rectangular piece
for fastening purposes.
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Fig. 20.
Three-wedge thermal connector delivered by UC-Merced.
(a) Design, (b) side view, and (c) image of the device loaded onto the testbed.
Image (a) is adopted from UCM’s report.

Loading and unloading are impractical for both delivered
devices. The working device (second) was broken during
the competition when unloading was performed. The screw
was tightened too much during loading and broke during
unloading. Both devices were built with quality. However,
the second device (probably the same with the first device once
being loaded) was not easy to unload, due to the clearance on
top of the device (or inside the chassis) being limited. If the
first device could have been successfully loaded, the tightening
mechanism from the top three screws would be difficult and
impractical.
7) University of California-Merced: The University of
California-Merced participated in RevCon IV during the first
phase with a sawtooth design, similar to the concept disposed in [15]. UC-Merced delivered a three-wedge device in
the second phase, which was the same as their first prototype (Fig. 20). The mechanism that provides the clamping
force is simple: Force provided by the adjustable screws
[Fig. 20(b)] is transferred to the clamping force along the
direction across the device, from the cold block to the electronic component. UCM also provided a tool to unload their
device from the unloading sites shown in Fig. 20(c). The tool
is impractical because it has to be applied from the top, not
from the side.
The prototype was easily loaded into the slot during the
competition because the clearance was large enough. Unloading might be an issue as they also delivered a broken piece
due to unloading failure experienced before the competition.
Again, the top unloading tool is not practical.
V. T HERMAL P ERFORMANCE
A. 2014 Competition
1) Thermal Test During the RevCon Competition on
October 31 and November 1, 2014: Due to time limitation
during this two-day event, with only 6 h to schedule seven
separate experiments, we compromised by setting up a simple
demo in front of all of the judges and participants and a
separate 20-min thermal test.
1) Each team loaded and unloaded their unique thermal
connector in front of the judges and all of the participants.

Fig. 21. Temperature history (T1 ) for each thermal connector. The Wakefield
wedgelock card retainer (422C-480UMB, black solid line) and Calmark
Card-lok (230-4.80H, black dotted line) are shown for comparison.

2) One of the team members then brought their thermal
connector to the testbed in a different room for the
thermal test.
3) The thermal connector was loaded by that team member,
assisted by the on-site tester who was familiar with the
testbed.
4) After loading, the heater was set to 50 W.
5) The temperature of T1 (the thermocouple that is closest
to the resistive heater) started increasing from ∼19 °C
(Chiller temperature is set to 17 °C). Once it reached
23 °C, a 20-min heating history was taken.
6) T1 and the estimated thermal resistance at the 17th min
are then provided to the judges.
T1 is the most representative temperature measurement
when considering the thermal resistance calculation, as this
temperature reading is placed closest to the heater. Lower
temperatures at T1 should represent better performance resulting from a better designed thermal connector. The Wakefield wedgelock card retainer (422C-480UMB, 0.225 ft ×
0.225 ft × 4.8 ft) and Calmark Card-lok (230-4.80H,
0.220 ft × 0.225 ft × 4.8 ft) were tested (three times, data
shown are averaged) for benchmark comparison.
On October 31, the chiller temperature was set to 17 °C
with a coolant flow rate of ∼3.4 g/m for all thermal tests.
Due to a mistake made by the tester at the 18th min during
one team’s test, all of the thermal resistances were calculated
from the temperatures obtained in the 17th min in order
to show fairness. The temperature history results for T1 are
shown in Fig. 21. The legend corresponds to the order of the
temperature curves (and thermal resistance in Figs. 22 and
23) for each device. For example, the black dotted line (Calmark) represents the highest temperature curve, while the
triangle (Maryland) represents the fourth lowest temperature
in Fig. 21. The results for the thermal resistances, R and
R ∗ , are shown in Figs. 22 and 23, respectively. The overall
data are compared and listed in Table IV. The experiments
were performed using the procedure outlined earlier. Note
that the thermal resistance R ∗ is especially sensitive and
may yield large accuracy uncertainties when T2 is close to
T3 and T4 .
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TABLE V
S ELECTED T HERMAL R ESISTANCE R (°C/W) FOR 2014 RevCon P HASE II

Fig. 22. Comparison of thermal resistance, R, from each thermal connector.
TABLE VI
C OMPARISON OF T HERMAL R ESISTANCE (°C/W) W ITH R ANDOM
V IBRATION ON AND OFF (2014 RevCon P HASE II)

Fig. 23. Comparison of thermal resistance, R ∗ , from each thermal connector.
TABLE IV
S UMMARY OF T HERMAL R ESISTANCE (2014 RevCon)

According to the temperature readings, the team from the
Georgia Institute of Technology achieved the lowest values
of R, R ∗ , and T1 among all of the student teams and the two
commercial thermal connectors. NTHU had the second T1 , R,
and R ∗ within the accuracy limit (discussed in Section III-D).
However, due to the former team’s leaking problem, the best
thermal performance award was given to NTHU (the second
lowest for all indicators mentioned previously).
Both MSU’s and MU’s devices performed consistently in
terms of thermal resistance and temperature (T1 ) for the
prototype and on-site tests. In addition, their results obtained

during the October 31 tests (labeled during competition)
exceeded their previous performance (second Prototype, tested
between October 1 and 15). NTHU was not able to load their
device onto the testbed before the competition, and as such
no data are available for their second prototype. For R, all
thermal connectors from the student teams outperformed the
commercial devices. In addition, the ranking of R follows
the ranking of T1 . For R ∗ , UIUC and MSU’s devices both
performed poorer than the COTS devices.
2) Selected Thermal Test for Second Prototypes: This
section describes the results of thermal testing performed by
the MU staff on the competition teams’ second prototype.
In this fixed-power test, each device was tested for 20 min
at each power input. The corresponding thermal resistances
were calculated from the temperatures obtained within the last
1.5 min. The thermal resistance results are shown in Table V.
a) Thermal test at 100 W during random excitation
(5–2000 Hz): Thermal tests during random vibration excitation were carried out on each device while under a 100-W
heat load. The results (averaged from the last 100 s) are listed
in Table VI. Thermal resistance corresponds to R here.
GT’s second device started to leak again. MU, MSU, and
Donghua’s devices demonstrated a smaller thermal resistance
after vibration was turned ON. Although such a small thermal
resistance difference (3.5% or smaller) is not statistically
significant (smaller than the accuracy uncertainty of ±4.8%
at 100 W), this result is interesting and might be worth further
investigation.
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TABLE VIII
C OMPARISON OF T HERMAL P ERFORMANCE W ITH S WEEP E XCITATION
AND W ITHOUT V IBRATION . NTHU’ S D EVICE D ID N OT F IT
IN THE T EST S LOT (2014 RevCon)

Fig. 24.

Frequency response for MU’s design.

TABLE VII
C OMPARISON OF T HERMAL P ERFORMANCE (T HERMAL R ESISTANCE R)
W ITH S INGLE -F REQUENCY E XCITATION AND W ITHOUT V IBRATION
( FOR THE S ECOND P ROTOTYPE IN 2014 RevCon)

b) Thermal test at 100 W at five major resonant
frequencies (5–2000 Hz): Thermal tests under five resonant frequency excitations were carried out on each device
while 100 W of heat was supplied. A typical frequency
response (MU’s prototypes were chosen) determined from
A2 over A1 and the major resonant frequencies can be found
in Fig. 24.
Based on the five resonant frequencies ( f 1– f 5) determined
for each device, thermal performance was carried under a
100-W heat load while the excitation at each frequency was
executed. The results (averaged from the last 100 s) are listed
in Table VII.
c) Thermal test at 100 W during sweep frequency
input (5–50 Hz): A sweep vibration test from 5 to 50 Hz
was performed on each device. Part of this profile (5–33 Hz)
was suggested to RevCon participants as a design criterion.
We realized that most resonant frequencies from the teams’
devices are located at frequencies higher than 100 Hz, and
therefore this sweep should have a minor effect on the thermal
performance and clamping mechanism. The results (averaged
from the last 100 s with the corresponding standard deviation)
are listed in Table VIII.
d) Selected clamping force analysis using pressure film:
Fujifilm Prescale pressure indicator films were sent out to
the student teams. Each team was requested to test and send
back their pressure film for further analysis. Four teams—
Donghua, MU, NTHU, and GT—returned their films during

Fig. 25.

Pressure analysis with superlow film—MU (by Topaq System).

the first phase. The analyses were carried out by Sensor
Production, Inc., using Topaq System software. Two typical
analyses can be found in Figs. 25 and 26. They represent
data from the devices made by the University of Missouri.
The total clamping force as measured with a superlow film is
192.11 lbf, and with a low film, it is 527.80 lbf. It can be seen
that the pressure pattern is uneven (larger close to the center
portion).
On the other hand, Georgia Institute of Technology provided
their low film for analysis (Fig. 27). The total clamping force
reached 1325.68 lbf, although the pressure pattern is still
uneven.
The analyses for those pressure films provided by the other
student teams are listed in Table IX.
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TABLE IX
C LAMPING F ORCE M EASURED BY THE P RESSURE
F ILM T ESTS (2014 RevCon, P HASE I)

Fig. 26.

Pressure analysis with low film—MU (by Topaq System).

Fig. 28. Temperature history (T1 ) from each thermal connector during heating
test.

Fig. 27.

Pressure analysis with low film—GT.

B. 2015 Competition
Because of the time limitation during this single-day event,
we compromised to set up a demo site in front of all of
the judges and participants, and a separate 30-min heating
test.

1) Each team loaded and unloaded their unique thermal connector in front of the judges and all of the
participants.
2) Team members then brought their thermal connector to
the testbed in a different room for the heating test.
3) The thermal connector was loaded by the team members,
assisted by the on-site tester who is familiar with the
testbed.
4) After loading, the heater was set to 50 W.
5) The temperature T1 (closest to the resistive heater) starts
increasing from ∼19 °C (Chiller temperature is set
to 18 °C). The heating history for each temperature
sensor was recorded throughout the entire test.
6) T3 and the estimated thermal resistance, R, at the
30th min was then provided to the judges.
On October 23, the chiller temperature was set to 18 °C
(1 °C higher than that in RevCon III) with a coolant flow
rate of ∼13.5 lbm (or 3.57 gpm) for all thermal tests. The
temperature data (T1 ) are shown in Fig. 28. The legend
corresponds to the order of the temperature curves (thermal
resistance in Fig. 29) for each device. For example, the
diamond corresponds to the lowest temperature curve (DHU),
while the triangle (MU) represents the fourth lowest temperature in Fig. 28. The thermal resistance results are shown
in Fig. 29, and both temperature and thermal resistance values
are listed in Table X.
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TABLE XI
T HERMAL R ESISTANCE R (°C/W) W ITHIN THE L AST M INUTE OF THE
30-min T EST (2015 RevCon, P HASE II). S TANDARD
D EVIATION I S R EPRESENTED AS std

Fig. 29. Thermal resistance (R) from each thermal connector during heating
test.

TABLE XII
C OMPARISON OF T HERMAL P ERFORMANCE W ITH R ANDOM
V IBRATION ON AND OFF (2015 RevCon, P HASE II)

TABLE X
S UMMARY OF R AND T1 U NDER 50 W AT THE 30 TH min. T HE WAKEFIELD
W EDGELOCK (422C-480UMB, 0.225 ft × 0.225 ft × 4.8 ft) AND
C ALMARK C ARD -L OK (230-4.80H, 0.220 ft × 0.225 ft × 4.8 ft)
W ERE T ESTED FOR B ENCHMARK C OMPARISON
(2015 RevCon)

According to the test data, DHU had the lowest R and
T1 among all the student teams and two commercial thermal
connectors. The device from Maryland performed similarly to
that of UC-Merced’s. The measured T1 and the calculated R
from these three universities were all within the accuracy
uncertainties. MU, Ozyegin, and NTHU performed almost
identically (within the T1 temperature measurement uncertainty). Other tested results obtained on October 23 (labeled
during competition) exceeded their previous performance
(second prototype, tested between October 9 and 22). For the
thermal resistance R, almost all of the thermal connectors from
the student teams outperformed the commercial devices during
the competition (only GT’s device performed worse than one
of the COTS wedgelocks). The commercial connectors from
Wakefield and Calmark did show slightly lower R values when
compared with the measurements taken in 2014.
1) Selected Thermal Test for Second Prototypes Delivered
by October 9, 2015: This section describes the results of
thermal testing performed by the MU staff on the competition
teams’ second prototypes.

a) Four power inputs: 50, 100, 150, and 200 W: In this
fixed-power test, each device was run for 30 min at each power
input. The corresponding thermal resistances were calculated
from the temperatures obtained within the last minute of
the test. The results for the thermal resistance, R, are listed
in Table XI.
b) Thermal test at 100 W during random excitation
(5–2000 Hz): Thermal tests during random vibration excitation were carried out on each device while 100 W of heat
was loaded. The results (averaged from the last 100 s) are
listed in Table XII. Only R is shown here. Vibration (along
the gravitational axis) seems to have a negligible influence
on the thermal performance. This is good news for thermal
connectors used in vibrational environments (5–2000 Hz).
GT’s second device did not provide enough clamping
force (with the screw in its most extreme position). Therefore,
the corresponding tests were dropped. The University of
Maryland’s second device was delivered on October 22, right
before the competition, and was broken during the competition. Therefore, its vibration tests could not be performed.
c) Thermal test at 100 W at five major resonant
frequencies (5–2000 Hz): Thermal tests under five resonant
frequency excitations ( f 1– f 5) were carried out on each device
while 100 W of heat was supplied. The results (averaged
from the last 60 s of the test) are listed in Table XIII.
Two frequencies for NTHU’s device and one frequency for
MU’s device were dropped automatically by the program,
probably due to the large amplitude of the shaker heads,
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TABLE XIII

TABLE XV

C OMPARISON OF T HERMAL P ERFORMANCE (T HERMAL R ESISTANCE R)
W ITH /W ITHOUT S INGLE -F REQUENCY E XCITATION
(2015 RevCon, P HASE II)

C LAMPING F ORCE M EASURED BY THE P RESSURE
F ILM T ESTS (2015 RevCon, P HASE II)

TABLE XVI
TABLE XIV

C OMPARISON OF T HERMAL P ERFORMANCE ( R) W ITH VACUUM
ON AND OFF (2015 RevCon, P HASE II)

C LAMPING F ORCE M EASURED BY T HE P RESSURE
F ILM T ESTS (2015 RevCon, P HASE I)

which exceeded the maximum allowable amplitude at those
frequencies.
d) Clamping force analysis: Fujifilm Prescale pressure
indicator films (low film) were sent out to the student teams.
Each team was requested to test and send back their pressure
film for further analysis. Eight teams returned their films.
Width and length represent the dimensions for the device.
If contact area (provided by the pressure analysis software)
was larger than width × length, the value of width × length
was used. The analyses were carried out by Sensor Production, Inc., using the Topaq System software. A summarized
result for phase 1 clamping force deliverables can be found
in Table XIV.
During phase 2, five prototypes from MU, NTHU, GT,
UC-Merced, and Ozyegin U were tested after they delivered their second device. The analyses were carried out by
Sensor Production, Inc. A summarized result can be found
in Table XV.
It should be noted that the clamping force was tested by the
MU staff this time, as pressure film was not required in the
delivery list during the second phase. Only NTHU’s prototype
provided over 600 lbf clamping force. The effective contact
area, ranging from 0.18 to 0.69 in2 , which is utilized during
the clamping force calculation, looks small for those devices.
The real contact area could be as large as 3.07 in2 . Therefore,
if the majority of the contact area can be effectively utilized,
the corresponding clamping force could be substantially larger.

The clamping force exceeded 600 lbf during the first phase for
all participating teams, except MU.
e) 2015 vacuum: Thermal tests were performed on
each device under a vacuum and a heat load of 50 W.
The results (averaged from the last 60 s of test data)
are listed in Table XVI. The vacuum chamber began at
atmospheric pressure (∼760 torr) and reached the required
vacuum pressure after about 2 h. The end pressure ranged from
162 to 236 mtorr (GT’s device, probably due to the leaking).
Thus, it is apparent that the low-pressure environment does
affect the performance of the thermal connectors tested here:
UC-Merced’s prototype shows a minimal increase (45.3%)
in thermal resistance, while GT’s prototype has the highest
increase at 156.2%. This increase is mainly due to the amount
of air trapped in the contacting areas between the connector
and the walls. It should be noted that: 1) leaking may further
deteriorate thermal resistance because of the absence of fluid
in the device (for GT); and 2) evacuated air inside the device
(for DHU) may further deteriorate the thermal resistance as
there is less air available to conduct heat. The increase in
thermal resistance will be an important metric for thermal
connector designers as they plan to design their devices
for use in low-pressure environments or in deep space
(near vacuum).
VI. C ONCLUSION
The RevCon challenge has successfully attracted student
teams from around the world. The goal in hosting this
event was to encourage domestic and foreign college students
to tackle challenging design problems in electronic thermal
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management. There have been inspiring designs and sophisticated manufacturing processes recorded for over 20 unique
connectors, all accomplished by student teams. Designs made
utilizing the available test measurements, adequate material
selection, and a large clamping force usually resulted in lower
thermal resistances. The connectors that do not expand enough
would limit their suitability in practical use. Of course, ease of
loading and unloading is no doubt a critical design factor when
considering commercialization. Jamming occurs more easily
during unloading when the mating surfaces of the wedges are
long, although this design may reduce the number of wedge
pieces. On the other hand, the importance of contact surfaces
between the connector and the chassis cannot be emphasized
more, because in a few select cases, inadequate interfaces
would worsen the flow of heat flux and could even double
the thermal resistance (e.g., vacuum environment). Vibration
along the gravitational axis was shown to play a minimal role
in thermal performance. However, vibration in general might
play a more important role if: 1) the vibration is along the
other two axes; and 2) if the device includes springs in their
design of locking mechanism. For a rectangular slot like that
used in this event, and in most other commercial applications,
the thermal transport route normal to the cold wall-connectorcold wall route will likely be one of the next critical design
points.
The relevant articles on the International RevCon
Challenges III and IV have been posted online
at
http://engineering.missouri.edu/2014/12/teams-industryjudges-descend-on-mu-for-darpa-sponsored-revcon-challenge/
and http://engineering.missouri.edu/2015/11/top-student-teams
-take-aim-at-revcon-challenge/.
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