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Over the past two years, the High Performance EVA Glove (HPEG) project under 
NASA’s Space Technology Mission Directorate (STMD) funded an effort to develop an 
electromechanically-assisted space suit glove. The project was a collaboration between 
the Johnson Space Center’s Software, Robotics, and Simulation Division and the Crew 
and Thermal Systems Division. The project sought to combine finger actuator technology 
developed for Robonaut 2 with the softgoods from the ILC Phase VI EVA glove. The 
Space Suit RoboGlove (SSRG) uses a system of three linear actuators to pull synthetic 
tendons attached to the glove’s fingers to augment flexion of the user’s fingers. To detect 
the user’s inputs, the system utilizes a combination of string potentiometers along the 
back of the fingers and force sensitive resistors integrated into the fingertips of the glove 
cover layer. This paper discusses the development process from initial concepts through 
two major phases of prototypes, and the results of initial human testing. Early work on 
the project focused on creating a functioning proof of concept, designing the softgoods 
integration, and demonstrating augmented grip strength with the actuators. Later work 
focused on upgrading the actuators, sensors, and software with the overall goal of creating 
a system that moves with the user’s fingers in order to reduce fatigue associated with the 
operation of a pressurized glove system. This paper also discusses considerations for a 
flight system based on this prototype development and addresses where further work is 
required to mature the technology. 

I. Introduction 
nspired by the finger actuation system of the Robonaut 2 humanoid robot [1], the NASA/General Motors (GM) 
RoboGlove was developed to provide grasping support for human hands. The RoboGlove in turn led to the 
development of the prototype Space Suit RoboGlove (SSRG) reviewed in this paper. The NASA/GM RoboGlove 

[2] required embedding actuators into the forearm portion of a glove, and routed tendons through conduits sewn into 
the glove, looped around the glove’s fingers. Pressure sensors, a custom assembly based on a force sensing resistor 
(FSR), were incorporated into the fingertips of the glove to detect when the user was grasping an object. When a user 
grasps an object such as a tool, the robotic tendons automatically retract, pulling the fingers into a gripping position 
and holding them there until the sensors are released. During development of NASA/GM RoboGlove, many 
applications for the grasp-assistance technology outside of automobile assembly were identified, including 
construction, manufacturing, physical therapy, and the space suit glove.  This grasp assist capability holds the promise 
of providing the same benefit to astronauts conducting an Extravehicular Activity (EVA) in space and led to the Space 
Suit RoboGlove (SSRG). The SSRG is a glove designed to provide additional grasp strength and endurance for an 
Extravehicular Activity (EVA) crew member, since a pressurized space suit gloved hand performance is a fraction of 
what the unencumbered human hand can achieve.  
 Researchers have explored methods for alleviating the encumbrances faced by an EVA astronaut through 
approaches that either provide powered assistance to a standard EVA glove or revised the construction of the glove.  
Main [3] explored ways to manipulate the characteristics of a glove’s metacarpophalangeal (MCP) joint through the 
installation of springs and pneumatic actuators.  This required a purpose-built glove that improved MCP flexibility at 
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the cost of slow actuation and the addition of hardware and consumables.  Sorenson [4], [5] developed an 
electromechanically power-assisted MCP joint to alleviate fatigue, but since this approach relied on a custom, 
normally-closed glove, strength was not augmented.  Testing of the Sorenson glove showed increased range of motion 
at the cost of bulk and considerable heat generation.  A smaller, second generation Sorenson glove [6] reduced power 
consumption through modifications to glove construction and drivetrain improvements.  While this approach was 
effective in some aspects, the normally-closed glove was a potential problem in the case of system failure that 
precluded the opening of the glove. 
 While the aforementioned efforts focused on enhancing standard, gas-pressurized gloves, others have taken a 
revolutionary approach.  The Space Activity Suit [7] included a glove that provided elastic counter pressure to the 
hand, seeking to reduce the energy expenditure as compared to a conventional suit and glove.  While other recent 
efforts have continued to investigate the use of elastic counter pressure, donning this type of glove can be time-
consuming, and designing to maintain uniform compression, especially in the hand, is a noted challenge [8]. 

The Phase VI glove by ILC Dover, Inc. is the current generation of glove in use on the International Space Station 
[9].  Development of the Phase VI glove specifically focused on providing an advanced glove that promoted 
“improved dexterity, reduced fatigue, and a high level of user comfort.”  This resulted in a glove requiring less torque 
to move the wrist and fingers, and it also increased tactility compared to previous glove systems.  However, mobility 
of the Phase VI glove is still significantly reduced compared to bare hand.  Furthermore, astronauts still experience 
injuries when training for or performing EVAs in this latest generation of glove [10]. 

 

II. Need for the Invention 
The High-Performance EVA Glove (HPEG) project at NASA is developing the next generation of space suit 

gloves for EVA.  Currently, space suit gloves are replaced after 25 EVAs and are not optimized for the environments 
that will be encountered during exploration missions, such as the surface of an asteroid or Mars.  The goal of the 
HPEG project is to develop and test advanced EVA gloves to enable future exploration missions by increasing the 
mobility of the gloves, reducing the risk of astronaut hand injury, and increasing the glove life beyond 25 EVAs.  

The Space Suit and Crew Survival Systems and the Robotics Systems Technology Branches at the Johnson Space 
Center (JSC)  collaborated to upgrade an existing EVA glove with the technology from the NASA/GM RoboGlove.  
The goal of this effort was to evaluate the use of the RoboGlove technology to develop an EVA glove that can increase 
human performance over long-duration, physically intensive EVAs to enable greater efficiency in construction and 
exploration tasks. The team evaluated tendon-based drive train techniques to determine the best approach for reducing 
fatigue, maximizing comfort and fit, and increasing agility. 

Mars surface mission concepts have the crew in the Mars environment performing direct exploration tasks as 
frequently as practical, using relatively heavy tools and performing physically demanding tasks. The anticipated tasks, 
especially considering the partial gravity environment and potential muscle atrophy during the long transit, suggest 
the value of strength augmentation. SSRG could provide a path to increase the duration of individual EVA excursions 
by providing the desired strength augmentation. The team also believes that the potential exists that the electronics 
developed for SSRG will have applications in other space suit systems such as providing increased ability to monitor 
real-time strength and mobility status. The techniques created for SSRG could also have applications in the field of 
medical rehabilitation. 

III. Device Overview 
Space Suit RoboGlove is an ILC Dover Phase VI EVA glove, with major components shown in Figure 1, that has 

been enhanced with robotic actuation components in order to provide grasp assistance to the glove user. The glove 
retains the use of a standard EMU glove disconnect and the bladder is unchanged, but major modifications were made 
to the restraint and cover layer of the glove to accommodate the RoboGlove components. 
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The following sections describe in detail the 

second generation Space Suit RoboGlove developed 
in 2016.  As with the first generation device [11], the 
design team elected not to actuate the thumb in order 
to focus efforts on the other four fingers.  While many 
changes have been made to the system, SSRG has 
retained its ability to operate like a conventional 
space suit glove while the actuators are unpowered.  
When activated, the device detects the user’s finger 
movements and contact with objects, and the 
controller commands the actuators to drive.  The 
actuators respond by pulling tendons which attach to 
the medial phalanges of the fingers and assist the user 
in closing their hand. 

IV. Mechanical Actuation System 

A. Drivetrain Description & Layout 
The Space Suit RoboGlove uses three linear actuators and a tendon based system to augment flexion in the user’s 

four fingers (Figure 2). The primary fingers, the index and middle, each have their own actuator and the secondary 
fingers, the ring and little, are coupled on a shared actuator with a pulley. The actuators pull synthetic tendons which 
route up the forearm through a Bowden cable system anchored at the palm bar, looping around a saddle located on the 
medial joint of the user’s fingers. As the actuator pulls the tendon it guides the user’s finger into a flexed position. The 
user provides the extension force to open his or her hand. String potentiometers are used to track the position of each 
distal phalange relative to the palm. As the users 
flexes and extends his or her fingers the 
actuators respond with synchronized assistance 
offering an intuitive operation of the Space Suit 
RoboGlove. Force sensors are also embedded in 
two positions on the phalanges to provide a 
stronger grasp assistance when triggered by 
external contact. 

Figure 3 shows a single actuator configuration 
of the hardware components. To move a finger, 
as actuator pulls a tendon through a Bowden 
Cable system which transfers mechanical 
pulling force of an inner cable relative to a 
hollow outer cable, similar to the brakes on a 
bicycle. For SSRG, the moving inner cable is the 
synthetic tendon and the hollow outer cable is a 
stainless steel conduit spring lined with Teflon. 
The lining provides an abrasion-free surface for 
the synthetic tendons to travel through. The 
spring conduit is strong in the axial direction 
while remaining flexible in other directions so it 
doesn’t impede the user’s wrist movements.  
The conduits support the system between the 
actuators and the palm bar; this keeps the 
relative positions of the palm bar manifold and 
the actuators static under dynamic internal 
loads. 

 

Figure 1. ILC Dover Phase VI Glove Components 

 
 

Figure 2. Space Suit RoboGlove drive train system layout 
 

 

Figure 3. Single actuator mechanical system 
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B. Actuator Specifications 
Each actuator is comprised of a brushless DC motor, a gearbox, and a ball screw. The motor is paired with a 4.4:1 

planetary gearbox separated by a 1:1 spur gearbox allowing the ball screw to lay in parallel with the motor to reduce 
the overall actuator length. The planetary gearbox is attached directly to the ball screw as opposed to the motor in 
order to decrease the amount of backlash seen by the spur gearbox and motor. The tendon hook’s design includes 
symmetrical flanges that slide within internal slots of the actuator housing converting the rotational motion from the 
motor into a linear motion along the ball screw to pull the tendon. The actuator housing is constructed out of aluminum 
7075 and provides linear alignment, shielding against debris, built in hard stops, and thermal mass. Assembly of the 
SSRG actuator is made simple with two knurled screw caps whose threaded features pull the assembly together and 
ensure concentric alignment. These screw caps can be operated without the use of tools so assembly and maintenance, 
such as replacing a tendon, is relatively quick.  All interfaces can be accessed by hand. The screw caps also interface 
with an adjustable wrench in case additional torque is required. The actuator’s tendon cone and splitter interface 

directly with the Bowden 
cable system by 
supporting the conduit 
and guiding the tendon 
into place on the tendon 
hook without risk of 
entanglement on the 
rotating ball screw. The 
geometry of these 
components is optimized 
for tendon routing to 
reduce wear and time 
between maintenance. All 
custom parts are 
machined out of 
aluminum 7075 with a 
smooth surface finish to 
decrease friction and wear 

in sliding parts and tendon interactions. To further decrease friction and wear in the system the components can also 
be finished with a Teflon coating. The ball screw provides 3.15 inches (80 mm) of linear travel within the actuator, 
which determines the amount of assisted flexion it can provide. Actuator specifications are presented in Table 1.  

V. Softgoods 
Changes were made to the Restraint and the Thermal Micrometeoroid Garment (TMG) of a size NF ILC Dover 

Phase VI space suit glove to accommodate the robotic hardware.  The NF is a medium sized glove for a male hand. 
Figure 4 illustrates the differences between a Phase VI glove and SSRG, and identifies the hardware layer, a new layer 
residing between the Restraint and the TMG. Components from the SSRG drivetrain are split between layers with the 
motors, controllers, and the proximal end of the Bowden cables mounted on the hardware layer. The palm bar, the 
distal end of the Bowden cables, and the saddles are sewn into the Restraint. The bladder and internal pressurized 
volume of the glove remain unchanged.  

  
Figure 4. Comparison of the Phase VI and SSRG glove layers 
 
 

Table 1. Actuator Specifications 
	  Standard  Metric 
	 Mass 9.45 oz 268 grams 
	 Dimensions 0.97 x 1.76 x 6.71 inches 24.6 x 44.7 x 170.4 mm 
	 Tendon travel 3.15 inch 80 mm 
F	 Peak force output 36.7 lbs 163 N 
S	 Max Speed 3.58 inch / sec 90.9 mm / sec 
τ	 Torque Constant 0.096 inch lbs / Amp 10.9 mNm / Amp 
ρ	 Ball screw pitch 0.078 inch  2 mm  
η	 Actuator efficiency  74% 
I	 Max continuous current 1.63 Amps 
V	 Voltage 36 Volts 
ι	 Gear ratio 4.4:1 

 



 
 
 

5 
International Conference on Environmental Systems 

A. Modifications to Restraint Layer 
All SSRG components integrated onto the 

Restraint later were designed to ensure 
protection of the glove. Compliant and soft 
materials were used where possible and the 
design of stiff components focused on 
maintaining the same fit and feel as a standard 
NF glove. Where robotic components could 
potentially cause wear on the Restraint due to 
relative motion, the contact areas are shielded 
with Teflon fabric to reduce any risk to the 
Restraint’s integrity. Figure 5 presents additions 
to the Restraint. 

 

B. Finger Interfaces 
The tendons form the connection between the robotic actuators and the human user. The tendons are made up of a 

Vectran braid used extensively in Robonaut 2, RoboGlove, and Valkyrie. The tendons employ a single Brummel eye 
splice to interface between the actuator’s tendon hook and a triple Brummel pigtail to anchor to the saddles. The 
Brummel eye splice technique, shown on the left in Figure 6, is intended to prevent cinching and high stress 
concentrations in the line while under tension. The triple Brummel was devised congruently with the saddle design 
and, through test and iteration, it was determined that two interface points on the sides of a finger would be most 
effective for comfort and accessibility for maintenance. The triple Brummel pigtail allows a tendon to be replaced 
within minutes, requiring no specialized tools or full removal of the TMG. 

The saddle distributes the pulling forces from the tendon across the posterior of the medial phalange and is sewn 
in place on the finger seam directly underneath the TMG keyhole index. The saddle is constructed out of a 
thermoplastic polyurethane (TPU) coated nylon strap that is laser-cut into a band with an anchor on either side to 
interface with the tendon. The saddle is flexible and contours around the user’s fingers when under tension from the 
tendon. This component had several design and material 
iterations over the development and test stage of SSRG. Initial 
tests of the TPU nylon saddles proved too weak to hold up to the 
tension forces from the tendon and the anchored end would 
collapse. The final design has the anchored ends double in 
thickness with an RF welded second layer of TPU nylon strap. 
The material of the second layer was rotated 90 degrees to offset 
the nylon weave patterns, ensuring the anchors could withhold 
the tensile forces from the tendon. Figure 6 displays the weave 
pattern of the saddle.   

C. Palm Modifications 
The palm bar serves as the anchor for the Bowden Cable system and keeps components of the SSRG fitted to the 

user. The SSRG palm bar was designed with the same fit and curvature of the palm bar of an NF Phase VI space suit 
glove, but includes passageways for the tendons and mounting fixtures for the conduits. The palm bar is manufactured 
with a direct metal laser sintering process using 316 stainless steel. The palm bar is integrated into the NF’s ratchet 
strap on the back of the glove so it can be easily adjusted for a better fit during use. Since the palm bar acts a ground 
for the Bowden cable system, it experiences more loads than the typical space suit palm bar which impacts the seam 
allowance for the Restraint’s palm. Studies have not been completed to determine the long term effect the additional 
loads have on the glove, but no damage or windowing has been detected as of yet.  

The conduits cross the wrist along the neutral axis to connect the actuators mounted on the posterior side of the 
forearm to the palm bar mounted on the anterior side of the glove’s palm minimally impacting wrist mobility. The 
entire Bowden cable system is encased within Teflon fabric sleeves to reduce friction and wear on the other materials 
that comprise the glove 

D. Hardware Layer 
 The actuators and controller for the SSRG are mounted on the posterior side of the forearm between the Restraint 

layer and the TMG in a new layer called the Hardware layer (Figure 7) which attaches to the underside of the TMG 

 
Figure 6. Brummel eye splice (left) and a 
triple Brummel pigtail attached to a saddle 
(right) 
 

 
Figure 5. Restraint layer layout and integrated components 
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with Velcro hook and loops. Comprised of Ortho-fabric, it provides soft sleeves to 
enclose the three actuators and SSRG controller.  It also provides a barrier to isolate 
the lower-arm bladder layer from any heat generated by the actuators or controller. 
Due to the compliancy of the material, this layer floats between the space suit 
layers and follows the movement of the user’s forearm. Polycarbonate boning 
inserts reinforce the hardware layer to provide structure. To accommodate this 
hardware layer, the diameter and length of the TMG increased. 

E. Sensor Integration 
In order to provide the control system with finger position measurements, string 

potentiometers are used to determine the displacement of the distal phalange 
relative to the palm for the index, middle, and ring fingers. These sensors are placed 
on the posterior of the hand, mounted on the Restraint layer. The string potentiometers mount on a custom plate 
attached to the stainless steel wrist cuff. The strings from the sensors route up the posterior palm around the ratchet 
strap through Teflon lined spring conduit, up the fingers through segmented rigid Teflon conduit, and link to the seam 
at the tip of the distal phalange. Figure 8 shows how the string potentiometers interface on the Restraint layer and 

route up the fingers; the yellow bands are the segmented 
conduits. 
 Force Sensitive Resistors (FSR) from Tekscan are 
embedded in the TMG on the distal and medial phalanges of 
the index, middle, and ring fingers as illustrated in Figure 9. 
The FSRs are commercially available flexible circuits made of 
conductive ink laminated between layers of plastic. The 
sensors are placed directly on 
the TMG fabric, beneath the 
existing Phase VI fingertip 
RTV pads, and sealed in place 
using the same gray silicone 
adhesive used to create the 
pads. Wires from the sensors 

pass through the fabric of the TMG and are sewn along the inside of the garment, 
routing to the controller on the hardware layer. These simple force sensors are used to 
measure contact forces on the fingers when interacting with objects or tools. The control 
system utilizes that data to command a power grip with the actuators. 
 

VI. Avionics 
The avionics used to control the glove were adapted from the Athena finger and wrist controller used by NASA 

JSC’s bipedal humanoid robot, Valkyrie [12], [13]. This was used because it provided the interface to control three 
motors, records data at high rate, and its architecture enabled flexibility in sensor inputs and control. 

 
Figure 7. The Ortho-
fabric hardware layer. 
 

 
Figure 8. SSRGs in a pressurized environment 
without the TMG layer to show string 
potentiometers and saddles. 

 
Figure 9. FSR locations 
locations on the TMG. 
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A. Overview 
The Athena controller is a multi-axis motor 

controller which has four slots to attach peripheral 
boards referred to as tiles. The design intent of the tile 
slots was to interface with motor bridge circuits. 
However, its interface is flexible enough to allow for 
other types of “tiles” to be installed. 

In SSRG, three of the tiles are populated with Motor 
Tiles and one with a Sensor Tile (Figure 10). These tiles 
provide connectors for controlling actuators and reading 
sensors, respectively. Power is supplied at multiple 
voltages (5V Logic, 36V Motor, 12V & 3.3V Motor-
Logic) at the proximal end of the board. Robonet [13], 
[14] communication is provided through a separate 
connector on the proximal end of the board. 

B. Motor Tile 
The Motor Tile circuit board hosts a Texas Instruments (TI) DRV8332 brushless DC motor driver capable of 

sourcing electrical current up to 8	𝐴$%& from a supply of up to 56	𝑉. The Motor Tile also reads Hall-effect sensors, 
bus voltage, and motor phase current sensors to provide all of the data necessary for closed loop control of an actuator. 

C. Sensor Tile 
The Sensor Tile has four configurable groups of four individual interface circuits yielding a total of 16 channels. 

All channels are fed into a 16-channel analog to digital converter (ADC) in order to be read by the controller. Of the 
16 channels available, two groups were configured to read FSRs and the other two configured to read string 
potentiometers. This yielded 8 FSR channels and 4 string potentiometer channels of which 6 and 3 were used, 
respectively. 

VII. Controls 
The main processing unit of the Athena is a Xilinx 

Spartan-6 field programmable gate array (FPGA). Four 
MicroBlaze processors are instantiated on the FPGA 
(Figure 11). Three of these processors are directly attached 
to a Motor Tile interface and run an embedded cascaded 
motor control application derived from Robonaut 2’s joint 
controllers [15]. Each of these processors runs 
independently of the others with a dedicated copy of the 
executable code. A single Master Controller processor runs 
a separate set of code that issues commands to the Motor 
Controller processors and aggregates feedback and safety 
data. This Master Controller has a direct connection to the 
Sensor Tile. 

Though all of these processors are effectively separate 
embedded controllers, they do share system resources such 
as DDR memory and peripheral bus access. 

A. Master Controller 
The Master Controller is the core of the SSRG control 

architecture as it has multiple responsibilities. First, it 
executes start-up routines in order to configure the system 
in a safe manner. Second, it controls the entire state of the 
system by monitoring parameters and faults from the Motor Controllers and responding to communicated commands 
from the supervisor. These parameters include actuator position, temperatures of the motors and drivers, and system-
level communication and motion-stop parameters. If any of these parameters exceed bounds, the Master Controller 
will automatically disable outputs while allowing the controller to continue operating – allowing the supervisor to 

 
Figure 10. Athena multi-axis motor controller. 
SSRG Configuration 

 
Figure 11. Athena architecture and data 
Flow. 
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examine what occurred and recover. The Master Controller’s main responsibility is to implement the high-level control 
algorithms. 

B. Control Algorithm 
Each finger-glove-motor system can be described similar to the human-in-the-loop model for power steering 

described in [16]. The user regulates the system outputs (position of the finger and force) by providing position and 
force inputs to the system. The position is sensed via a string potentiometer strung along the dorsal side of the finger 
and force at the distal and medial phalanges is sensed through FSRs embedded in the glove. The Main Controller 
augments the effort required of the user by providing additional force through the actuators. When contact is sensed 
through the FSRs, this actuator force is increased to provide the extra grip strength required. 

The controller augments the user’s effort by using the calibrated string potentiometer response as a position control 
command to the Motor Controllers. With the actuators providing tension for finger flexion, the actuator reels in the 
slack produced by the user’s movement and does not provide any extra flexion unless in contact with an object. In a 
static position, the glove is then held in position by the actuators, requiring zero effort from the user. Upon extension, 
the system becomes more rigid due to the tendon tension which causes the user to fight the glove. The controller 
therefore attempts to determine the user’s intent to extend their fingers and artificially leads the position command 
toward further extension so the user experiences little resistance. 

C. Initialization Routines 
Before the glove can operate, initialization routines must run in order to set parameters and limits of operation. An 

actuator homing routine [2] is performed to make sure the absolute position of the actuators is known and 
corresponding limits are in place. Then, an automatic string potentiometer calibration must be performed for each 
user. This procedure determines an estimate of the calibration parameters and may need to be fine-tuned for user 
preference before the glove is fully operational. 

 
 
 When enabled for each finger, the automatic calibration mode first waits for the filtered string potentiometer 
derivative (Figure 12 blue) to settle to close to zero velocity. Once the controller confirms the string potentiometers 
are not moving, it begins commanding the actuators to close the glove. The controller looks for the string 
potentiometers to start moving (their derivatives go above a threshold). Once it does, it records the current string 
potentiometer value and actuator position. It continues commanding the actuator closed until the string potentiometer 
derivative (Figure 12 red) drops below the same starting threshold (indicating the finger has closed to the point it has 
stopped moving) and records the value and actuator position. 

 
Figure 12. Calibration algorithm summary. The Start and End points (red) along the String Pot Output curve 
(green) are used to map against actuator position to create a string potentiomenter calibration curve. A filtered 
derivative (blue) is compared to a threshold (dashed) to find these points. 
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From the two points recorded, a linear calibration curve is calculated. In future implementations of this automatic 
calibration, improvements can be made by utilizing a higher-order polynomial and a least-squares fit across the entire 
range of motion rather than a simple point-to-point calibration used here. This will help provide a more accurate 
calibration for the user and eliminate the need for fine-tuning and adjustments. 

VIII. Testing Methods and Results 

A. Glove Box Configuration 
All testing during this development 

effort was within the Advanced Suit 
Lab’s pressurized glovebox. The gloves 
and a DC-DC converter board are placed 
within the pressurized volume (Figure 
13). The output of the DC-DC converter 
is split to power both gloves and are 
bundled with the communication lines to 
provide a single umbilical for each glove. 

The gloves themselves attach to EMU 
lower arms with standard EMU wrist-
disconnects. Within the glove, the user 
wears surgical gloves (Spectra “comfort 
gloves”) to preserve the bladder of the 
glove and aid user comfort. 
Operationally, the glove box volume is 
depressurized so that the resulting 
pressure differential seen by the gloves is 
the same as when a suit is pressurized for an EVA. 

B. Startup 
In order to operate the glove, the master computer must be connected and ready for communication. Robonet 

communication is started, gains, thresholds and other tuning parameters are then set in the master computer 
(collectively referred to as “coeffs”). Data plotting tools are setup to monitor critical parameters like actuator position 
and temperature. Once the master computer is setup, the power to the gloves can be enabled. 

Upon power-up, the user is instructed to hyper-extend their fingers to pull any slack tendon out of the conduit and 
actuator. Once this is complete, the initialization routines are executed to calibrate the actuators and sensors. 

With the user’s hand in the glove, the automatic finger calibration is executed one finger at a time. After this 
calibration is performed, the user is able to test the calibration by moving their fingers around. They are then asked 
objectively if they feel the actuators “leading” their fingers closed or “lagging” behind their finger movements. If so, 
the supervisor adjusts the calibration coefficients on that finger until the feedback from the user is that the glove has 
a “neutral” feeling. 

C. Sensor Placement Tests 
Early in the project, the team investigated multiple options for placing force-sensitive resistors on the gloves.  

Placing FSRs in the TMG padding moves the sensors closer to where contact between the glove and external objects 
occurs.  This primarily consisted of glovebox tests that looked at the sensor response when the user grabbed cylindrical 
dowels of different diameters. The testing also focused on improving the reliability of the sensors and measuring the 
effects of different manufacturing processes. The test demonstrated that the medial and distal finger pads were most 
important for determining subject grasp intention.  

D. Mk III Pathfinder Test with First-Generation Gloves 
In the fall of 2015, the team conducted a suited test with the Mark III planetary space suit prototype to demonstrate 

integration with a fully suited system and collect initial subjective and objective data characterizing the performance 
of the system at the conclusion of the first year of the project. See Figure 14 for the test configuration. Two subjects 

 
Figure 13. Glove box test configuration. Power (red), two 
communication lines (blue), and motion stop cables (green) are 
bundled together, sealed, and routed through an existing AN fitting, 
pass-through port in the glove box. 
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participated in the study and performed five timed or 
measured functional tasks with the SSRG in powered and 
unpowered states. The subjects also completed a 
hammering, shoveling, and ball pick-up demonstration to 
explore using the system in functional tasks. 

Performance of the unpowered SSRG vs. the unaltered 
Phase VI glove proved to be very comparable. The grasp 
assistance features in this version of SSRG did not translate 
to measureable differences in grip strength, likely because 
actuation of the glove was inconsistent during the trials.  
Subject 1 felt the assistance of the gloves on the knot-tying 
task and liked the feel of the grab, resulting in good 
performance for those tasks. Subject 2 felt that the assistance 
was sometimes difficult to control, and wanted to pull his 
hands into a “tiger claw” grasp, and also felt the SSRG 
reduced the contact area of the grasp in some cases. Both 
subjects had some twitching in some of the glove fingers. The unpowered SSRG vs Phase VI did not feel very different 
to the subjects though Subject 2 noted that it felt there was increased material in the fingertips. The weight difference 
between the gloves was not felt to be a significant factor in the test, though, during the hammering task, the subjects 
felt the gauntlet components tend to slide toward the wrist. The subjects felt it was easier to complete tasks with the 
SSRG when working in a slower and more methodical way. These subjective comments led the team to develop a 
more complex control system to eliminate the lag in response. 

E. HPEG Tests and Results 
To characterize the performance of the final system, it was necessary to do a larger test series with more subjects 

and more tasks. Testing of the Space Suit RoboGlove system involved following the protocol developed by NASA’s 
High Performance EVA Glove Project (HPEG). The protocol consists of a variety of tasks intended to evaluate gloved 
hand performance in a standardized manner in order to compare the performance of glove systems with each other. 

The test team selected three subjects to perform this task based on their fit in the glove and experience as test 
subjects in space suit tests. Each subject performed all of the HPEG tasks with SSRG powered on, unpowered, and in 
a conventional Phase VI glove of the same size as SSRG. In addition to quantitative performance metrics, the team 
also collected subjective comments about the glove systems. The procedure was to get the subject into the glove box, 
calibrate the system, perform tasks, and collect subjective feedback. 

The team focused on five key HPEG tasks: grip strength, pegboard task, knot-tying, bow-tying, and two-point gap 
detection. Figure 15 depicts the required apparatuses for each task. Grip strength was measured using a Jamar hand 
dynamometer, which the subject was instructed to squeeze as hard as possible for a few seconds. The test administrator 
recorded the indicated value. This was repeated a minimum of three times, until the coefficient of variance was less 
than 10%. For two point detection, the subject was directed to place their finger tip along a fixture that consisted of 
two metal rulers at a prescribed angle. The subject was instructed to report when they could distinguish two points. 
This was repeated twice for three angle positions of the ruler and gap was calculated based on the angle and postion 
on the fixture. For knot tying, the subject was timed on completing 5 overhand knots with a semi-anchored rope 
fixture. The team timed the subject tying and untying a standard knot and bow on the same fixture. This was also 
repeated a minimum of 3 times for each subject.  For the pegboard task, the subject was required to pick-up each u-
bolt pin, turn it 90 degrees, the re-insert it into the board as quickly as possible. The test administrator recorded the 
time to completion and the test was repeated a minimum of three times.   
 

 
Figure 14: Mark III planetary space suit 
protoype with early SSRG 
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Figure 15: HPEG apparatuses (clockwise from top left), pegboard, gap detection, 
knot/bow tying, grip strength 

 
Table 2 compares the three subject’s performance with the Phase VI, unpowered (off position) SSRG, and powered 

(on position) SSRG in the five selected tasks. In each column the value of the best result is in bold. Light gray 
represents a result that that better than one standard deviation from the average value for the task during the testing, 
and dark gray represents a value that is more than one standard deviation worse. 

 
Table 2: HPEG Performance Task Comparison 

 
 

In general, the unpowered SSRG performed similarly or better than the unmodified Phase VI gloves in most tasks, 
with the notable exception of two-point gap detection and grip strength. The added bulk in the SSRG palm likely 
reduced the grip security for the user and made it more difficult for the wearer to use the hand dynamometer, resulting 
in reduced figures for Subjects 2 and 3 in the hand dynamometer test. Two-point tactility scored weaker in the SSRG 
system as well, most likely due to added material in the glove fingertips to accommodate the force-sensitive resistors. 
The differences in the other tasks between unpowered SSRG and Phase VI likely relate to day-to day variability, 
learning effects, and limitations of the glove box test setup.  

There is a clear improvement in the SSRG in the powered state over the SSRG in the unpowered state in terms of 
grip strength for Subjects 1 and 3, both recording gains of 10-15 lbs (44.5-66.7 N) in most cases. Subject 3 recorded 
a onetime maximum that was 25 lbs (111.2 N) higher than his max in the unpowered system. Despite these results, 
only Subject 1 was able to best his grip strength results in the Phase VI glove with SSRG. This is likely due to the 
aforementioned difference in palm bulk between the systems. 

Performance in the SSRG appeared to be very subject dependent, with Subject 1 clearly performing well in the 
SSRG and Subjects 2 and 3 struggling to complete more of the tasks, particularly the knot-tying and bow tying tasks 
which emphasize fine dexterity and complex movement. Subjects 1 and 3 performed well in the pegboard task with 
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all three gloves. Because Subject 1 was able to extract higher performance out of SSRG than the other subjects, this 
could indicate that training, fit, or calibration of the system to the user can overcome some of the negative task results.  

The subjects generally found the system easy to use, suffered no major discomforts, and felt the actuation of the 
glove was satisfactory. One subject commented that the actuation restricted the motion of the fingers somewhat and 
it appeared that all three subjects altered their approaches to the HPEG tasks to account for the differences in the 
system. The primary subjective complaint the users had with the system centered on the speed of actuation. The 
subjects felt that the system was slow to open in these tasks and that with faster actuation, some of their task 
performances would improve. There were also comments about the added bulk in the gauntlet area of the glove, though 
this did not appear to affect significantly task performance in the glovebox. It had the primary effect of adding drag 
when twisting the wrists of the system. 

In addition to the above tests, the team provided Space Suit RoboGlove for an evaluation to quantify its ability to 
reduce glove-induced fatigue [17].   

IX. Future Work 

A. Hardware Development 
Significant further hardware development would be required to mature the SSRG into a flight-like system. The 

softgoods design and actuator system would require optimization for efficiencies in packaging. Since the current 
system is superimposed onto a Phase VI glove, the flight-like system would require a significant modification of the 
softgoods patterning to optimize performance and ensure the proper safety factors are met.  Modifications to the 
actuators and Bowden cable components would scale for fleet sizing.  

The most work would be required on the integrated controller. The board architecture requires adaptation to 
radiation-hardened components with optimized heat-sinking and power draws. The eventual unit would be required 
to be self-contained and be able to detect and resolve errors with minimal inputs. Optimized software to enhance the 
performance of the system and mitigate some of the common failure modes is also required. The final unit would 
probably best function as a stand-alone unit without interfacing with other electronic systems on the space suit. 

Based on the power requirements of the final system, SSRG may require its own battery. It may be possible to 
build the battery into the gauntlet of the system. Another option would be to locate the battery on a different part of 
the suit assembly, and run cabling under the TMG of the pressure garment similar to the cabling for fingertip glove 
heaters used in current EVA operations.  

The waste heat produced from the glove’s actuators and controller would also need to be rejected from the system 
to avoid overheating and compromising the structural integrity of the space suit softgoods. One solution could be to 
reject heat to the surrounding space environment by sinking the electronics to the ortho-fabric of the SSRG gauntlet 
region. For example, a passive system could be constructed that uses copper wire mesh and encapsulated paraffin wax 
phase-change material along the inside of the gauntlet to distribute the heat across the surface area of the gauntlet 
while providing the necessary heat storage for the periods of time the glove is operating in a hot thermal environment.  

Upon completion of the design, SSRG would require a flight certification effort similar to other EVA glove 
systems including testing for environmental conditions, cycle life, and man-loading conditions. 
 

B. Future Testing 
The glovebox testing performed during this project did not show a consistent improvement in task performance 

over the Phase VI glove. The could be due to several factors including learning effects, variance in hand sizes, or 
limitations of the glovebox in addition to the system itself. As the system is improved, further testing is required to 
quantify system performance and new experimental test methods may be required to fully demonstrate the differences 
in SSRG versus other glove systems.      

 

C. Architecture Trades 
EVA system level architecture trade studies have not been completed and would be required before significant 

investment is made toward developing the SSRG into a flight system. Factors to consider would include task 
performance, power draw, mass, complexity, cost, and safety. Integration with current and future EVA systems would 
need to be considered, and the full effects of the SSRG on the system-level architecture are not entirely known.  

A couple of early operations concepts exist for using this system during an EVA. For a hand-intensive EVA, the 
crewmember might choose to use a pair of SSRG-equipped gloves and leave both activated for the duration of the 
EVA to maximize benefits to hand fatigue. Another option would be for the astronaut to enable the robotic assistance 
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for specific tasks, leaving the system unpowered during less strenuous activities. In a third concept, the crewmember 
would don one SSRG, perhaps on the non-dominant hand, and perform the EVA with a conventional EVA glove on 
the other hand. This configuration would allow the astronaut to maximize the strengths of both systems, using the 
SSRG for coarse grasps and long-duration holds, while maximizing fine dexterity and feel on the opposite hand.   

 

X. Conclusion 
The design, configuration, and control of the Space Suit RoboGlove were presented, as well as results from a series 

of initial tests.  The team completed the first integration of a powered mobility element onto a space suit, and completed 
initial glovebox testing of the system. Test results were not conclusive though subjective evaluations of the system 
were positive overall. An improved control system that imitates power steering yielded benefits toward performance 
and fatigue. Future hardware development, testing, and trade studies would be required to mature the technology and 
determine its suitability for future flight EVA systems.   
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