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Abstract: In view of the problem that the extravehicular fixed handrail is difficult to meet astronaut’s complex 
extravehicular activity （EVA） needs， we propose a new design of movable handrail to benefit the EVA of astronauts. 
Specifically， we fully consider the hand force characteristics of astronauts in the pressurized spacesuit and design the 
parameters for geometric dimension and spring stiffness of each operating component in the movable handrail. In 
addition， in order to meet the needs of astronauts to operate the movable handrail with one hand during EVA， each 
operating component can be self-lock. Dynamics simulation analysis of each operating component is performed with 
ADAMS software. Simulation results show that operating components can be locked under appropriate operating 
force. We develop an engineering prototype of the extravehicular movable handrail based on the design and analysis 
result. Experimental verifications are carried out in terms of function， environment and ergonomics， which show that 
the proposed prototype can not only realize the clamping of the extravehicular fixed handrail but also freely adjust its 
own length and angle. In addition， the measured operating force is basically consistent with the theoretical value， and 
there is little change in the operating force before and after the force and thermal environment tests. All these 
experiments show that the proposed movable handrail has good adaptability to low-orbit environment of the space 
station.
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0 Introduction 

The extravehicular handrail is an important aux⁃
iliary equipment for astronaut extravehicular activity 
（EVA）［1-3］， which can significantly assist the astro⁃
naut’s extravehicular behavior and support the main⁃
tenance operations. With the extravehicular hand⁃
rail， a reliable connection between astronauts and 
the space station can be achieved， which is impor⁃
tant to protect the safety of the astronauts during the 
EVA process. Typically， extravehicular handrails 
can be divided into two types： The fixed handrail 
and the movable handrail. Currently， the astronauts 
of the international space station use the fixed hand⁃
rail to carry out extravehicular operations. With the 

constraint of the rocket launch envelope， the height 
of the fixed handrail cannot be very high. However， 
the expanded relay antenna and solar wing are much 
higher than the surface of the space station cabin. 
That means when carrying out such large inertia ex⁃
travehicular equipment maintenance tasks， there are 
at least two astronauts required to cooperate with 
each other. The astronauts on the robotic arm can 
achieve appropriate operating positions and body 
posture by adjusting the robotic arm. However， the 
astronaut on the surface of the cabin cannot grasp 
the fixed handrail， which may easily lead to the fail⁃
ure of the task. The extravehicular movable handrail 
can overcome this drawback by its telescopic length 
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and adjustable angle. It can change different ges⁃
tures to make sure the astronauts achieve a comfort⁃
able operating position， which significantly enlarges 
the activity range of the astronauts on the surface of 
the space station. In summary， the extravehicular 
movable handrail is an important extension of the 
fixed handrail， which plays an increasingly impor⁃
tant role in the on-orbit construction and extravehic⁃
ular maintenance of China’s space station.

Newman et al.［4］ in National Aeronautics and 
Space Administration （NASA） have developed an 
auxiliary device for the extravehicular mobility unit 
（EMU）， which is convenient for astronauts to 
achieve self-dressing. It can be connected and sepa⁃
rated from the fixed handrail， and the ball pair and 
sliding pair are used to adjust the position and atti⁃
tude of the end mirror， which plays an important 
role in the early maintenance of the international 
space station. In 1989， Lyndon et al.［5］ proposed 
and developed a body restraint tether for EVA. The 
tether connects the extravehicular fixed handrail 
with the Mini Work Station at the waist of the astro⁃
naut through a semi-rigid damping rod to realize the 
adjustment of the astronaut’s positions and angles. 
It can help astronauts reach the operating position 
suitable for extravehicular operations， which plays 
an important role in the on-orbit maintenance of the 
Hubble telescope［6-7］. Some functions of the above-

mentioned extravehicular auxiliary equipment are 
consistent with the extravehicular movable handrail. 
For example， they both require the ability to con⁃
nect with the fixed handrail and adjust the angle and 
length. However， the angle adjustment and locking 
of the above equipment are realized by friction， 
which may lead to problems such as low load， poor 
stability and short working life. In this paper， to 
tackle this issue， we creatively put forward a design 
of extravehicular movable handrail to greatly expand 
the operation range of astronaut EVA， which has 
the advantages of strong bearing capacity， good sta⁃
bility and long working life.

Compare with the handrail inside the space sta⁃
tion， there are significant differences in the use envi⁃
ronment and astronaut clothing status. The space 
station flies in low orbit at an altitude of 300—500 

km. The environmental conditions outside the space 
station are high vacuum， microgravity， temperature 
alternation and a large amount of cosmic radiation［8］. 
Therefore， the friction performance of motion pair 
contact surface of the extravehicular movable hand⁃
rail needs to be specially designed to prevent exces⁃
sive operating force of the activity mechanism from 
causing astronauts to be unable to operate. In the mi⁃
crogravity environment， it needs to have the func⁃
tion to prevent drifting on the rail. When the astro⁃
nauts wear extravehicular spacesuit， their physical 
flexibility is greatly constrained， and the joint resis⁃
tance moment of their upper limbs and spacesuit 
gloves can reach up to 20% of the corresponding 
joint muscle moment of the human body. For exam ⁃
ple， the adduction/abduction of the shoulder joint is 
not more than 60° ， and the maximum movement 
moment is not more than 21 N·m. Compared with 
astronauts without extravehicular spacesuits， the ac⁃
tivity ability and range of the astronauts decrease sig⁃
nificantly［9］. The sizes of fingers and palms of the 
spacesuit gloves are larger than those of ordinary 
gloves， which makes the buttons， handles， pad⁃
dles， and other parts of the human-machine opera⁃
tion interfaces of the extravehicular movable hand⁃
rail larger. Compared with bare-hand operation on 
the ground， the tactile sensitivity of palms and fin⁃
gers inside the spacesuit glove will decrease. There⁃
fore， the operating force range of each operation 
switch needs to be quantitatively designed.

1 Prototype Design 

The extravehicular movable handrail is com ⁃
posed of fixed clamping component， angle adjusting 
component， length adjusting component and auxilia⁃
ry handle， as shown in Fig.1. Among them， the 
fixed clamping component integrates the functions 
of clamping， pressing and locking together， which 
can maintain a highly reliable connection with the ex⁃
travehicular fixed handrails. It can provide a conve⁃
nient and stable mechanical interface between the 
extravehicular movable handrail and the space sta⁃
tion. The angle adjusting component can realize 
multi-angle adjustment within the semi conic enve⁃
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lope with the fixed handrail clamping point as the 
center， so as to meet the requirements of different 
extravehicular maintenance operation positions of as⁃
tronauts. The length adjusting component can adjust 
the distance between the auxiliary handle and the 
space station， so that astronauts can carry out main⁃
tenance at different heights. The auxiliary handle is 
designed for astronauts to grasp the handrail and it 
also provides an interface for astronauts to take it 
out of the cabin.

In order to meet the maintenance requirements 
of space station equipment at different heights and 
positions， the length adjustment range of the extra⁃
vehicular movable handrail is designed to be be⁃
tween 398 mm and 558 mm. The angle adjustment 
range is designed within the half cone with a cone 
angle of 36° . Therefore， the outer envelope size of 
the extravehicular movable handrail in the shortened 
state is 398 mm × 114 mm × 234 mm. The design 
mass of the extravehicular movable handrail is 
2.974 kg.

The mechanism diagram of the extravehicular 
movable handrail is shown in Fig.2. The fixed 
clamping component adopts the working principle of 
eccentric cam pressing and ratchet reverse self-lock⁃
ing. There exists eccentricity between the eccentric 
cam shaft center and the geometric center. The 
ratchet wheel and pawl are hinged with the rotating 
shaft and the eccentric cam， respectively， so that 
the eccentric cam can only rotate in one direction. 
When the astronaut rotates the eccentric cam in the 
forward direction， the contact surface of the cam 

tangent to the movable clamp is gradually away 
from the center of the rotating shaft. At the same 
time， the movable clamp approaches the fixed 
clamp， tightens the extravehicular fixed handrail， 
and realizes the stable connection with the extrave⁃
hicular fixed handrail. When the astronaut presses 
the pawl to unlock the fixed clamping component 
and turns the eccentric cam in reverse， the movable 
clamp is separated from the fixed clamp by the 
spring force， which realizes the rapid separation 
from the extravehicular fixed handrail. The angle ad⁃
justing component follows the working principle of 
universal joint and cogging linkage. In the angle ad⁃
justing component， the supporting rod and the ad⁃
justing seat can rotate around the axis of the outer 
rod， and the base of the adjusting seat is pressed 
and locked by screw thread. One end of the connect⁃
ing rod is connected to the pin shaft. The other end 
can slide along the adjusting seat and be inserted in⁃
to the rack tooth slot to lock the connecting rod. 
The astronaut can rotate the rack， connecting rod 
and supporting rod to adjust the direction of the 
handrail， and realize the angle tilt along the connect⁃
ing rod direction. The length adjusting component is 
designed following the principle of bevel clamping 
and ballpoint pen self-locking mechanism. The inner 
rod can slide along the inner cavity of the outer rod， 
and the length of the gear can be adjusted and 
locked through the bevel clamping and the ballpoint 
pen self-locking mechanism.

Fig.1　Structure diagram of the extravehicular movable 
handrail

1 ─ Auxiliary handle; 2 ─ Bevel pin self ⁃ locking mechanism; 
3─ Inner rod; 4─ Rack base; 5─ Bevel pin mechanism; 6─
Outer rod; 7 ─ Cardan; 8 ─ Pawl compression spring; 9 ─
Pawl; 10 ─ Eccentric cam; 11 ─ Movable clamp; 12 ─ Fix 
clamp; 13 ─ Drag spring; 14 ─ Ratchet wheel; 15 ─ Strut; 
16 ─ Pin shaft; 17 ─ Connecting rod; 18 ─ Wire spring self ⁃
locking mechanism; 19─Rack; 20─Rack compression spring
Fig.2　Mechanism principle diagram of the movable handrail
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2 Parameter Design 

The extravehicular movable handrail has com ⁃
plex configurations and rich functions. Many buttons 
and levers need to be operated by astronauts during 
extravehicular activities. When astronauts wear ex⁃
travehicular spacesuits during extravehicular activi⁃
ties， they are unable to feel the external force like 
bare hands on the ground， nor can they exert too 
much operating force［10-11］. When the control switch 
operation force is too large， the astronauts cannot 
carry out the switch operation. When the force is too 
small， the astronauts cannot feel the switch state 
feedback. In order to achieve a comfortable feeling 
of operating force， it is necessary to design parame⁃
ters of the operating force for each operating compo⁃

nent.

2. 1 Design principle and method　

On the basis of the product configuration， the 
detailed parameter design of each operating compo⁃
nent is carried out. The design process involves as⁃
tronaut operation mode， functional constraints， 
working conditions and other factors. To meet the 
requirements of functional performance， operability 
and environmental adaptability， the detailed parame⁃
ters and spring stiffness are calculated. According to 
the astronaut operation mode， the operation force 
and moment are checked to see if they are consistent 
with the force characteristics of the astronaut wear⁃
ing gloves. Finally， the optimal design parameters 
are obtained. The specific process is shown in Fig.3.

2. 2 Fixed clamping operating force　

According to the motion principle of eccentric 
cam mechanism， the cam rotation angle φ can be 
taken as the independent variable to calculate the op⁃
erating force. The rotation angle can be divided into 
two ranges with ［0° ， 80°］ and （80° ， 90°］. When 
the rotation angle φ varies linearly in the range of 
［0° ， 80°］， the eccentric cam pushes the movable 
clamp to realize the closure of the fixed clamping 
mechanism， as shown in Fig.4（a）. When the rota⁃

Fig.3　Operating force/moment design flow

Fig.4　Operating force analysis of fixed clamping 
component
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tion angle φ varies linearly in the range of （80° ， 
90°］， the eccentric cam pushes the movable clamp 
to tighten the fixed handrail of space station， as 
shown in Fig.4（b）. In Fig.4， r is the radius of cam 
arc， e the eccentricity， a the magnifying force arm， 

b the operating force arm， Fc the fixed clamping op⁃
erating force， F1 the spring force， and F2 the press⁃
ing force.

The operating force Fc of the fixed clamping 
component can be formulated as follows

F c =
ì
í
î

ïï
ïï

a ×( k c × r × sin ( φ - a sin ( e × sin ( 180° - φ ) /r ) ) / sin φ ) /b 0° ≤ φ ≤ 80°
a ×( k c × r × sin ( φ - a sin ( e × sin ( 180° - φ ) /r ) ) / sin φ + 3 × E × I × f/l 3 ) /b 80° < φ ≤ 90°

(1)

where f is the pressing depth， E the elastic modu⁃
lus， I the section inertia moment， and kc the stiff⁃
ness of pawl spring. According to the clamping prin⁃
ciple and configuration of the fixed clamping compo⁃
nent， the astronauts use the handle of the eccentric 
cam to turn the eccentric cam. Under this mode of 
operation， the range of operating force that the as⁃
tronauts can exert is 30 N to 50 N［12-14］. The materi⁃
als used for fixing clamp and movable clamping are 
TC4 titanium alloy. The extravehicular fixed hand⁃
rail of China space station is made of 2A12 alumi⁃
num alloy. The static friction coefficient between 
the two materials is about 0.2［15］. When the astro⁃
naut wears pressurized extravehicular spacesuit， the 
maximum applied force on the palm of hand is about 
88 N［16-17］. Thus， when the fixed clamping compo⁃
nent clamps the fixed handrail of the space station， 
it is required to be able to withstand the static fric⁃
tion force of no less than 88 N along the direction of 
the fixed handrail. Thus， the design value of the 
pressing force F2 should not be less than 440 N. 
Considering the calculation formula of the fixed 
clamping operating force， the design parameters of 
the fixed clamping component can be obtained， as 
shown in Table 1.

2. 3 Angle adjusting operating force　

In order to facilitate the astronauts to grasp the 
auxiliary handle in different positions， the extrave⁃
hicular movable handrail is designed to possess the 

angle adjustment function. The angle adjusting com ⁃
ponent is composed of universal joint， linkage mech⁃
anism， friction self-locking mechanism and wire 
spring self-locking mechanism. The angle between 
the length adjusting component and the fixed clamp⁃
ing component can be adjusted by the universal 
joint. The linkage mechanism and friction self-lock⁃
ing mechanism can lock the axial and linkage direc⁃
tion angle state. The operating force of the linkage 
mainly overcomes the spring force of the wire spring 
self-locking mechanism. The wire spring self-lock⁃
ing mechanism is designed following the principle 
that the wire spring moves along the “cardioid” slot 
to realize the locking of the button state. The unlock⁃
ing state， critical state and self-locking state of the 
wire spring self-locking mechanism are shown in 
Figs.5（a─c）， respectively. In Fig.5， xa is the 
pressing depth， L the wire spring length， δ1 the 

“cardioid” angle， δ2 the “half-cardioid” angle， and 
Fz the spring force of the wire spring.

The angle button unlock operating force Fa1 can 
be calculated by

F a1 =
ì
í
î

ïïïï

ïïïï

( ka + 3πEd 4 tan δ1 sin δ1 / ( 64L3 ) ) x a

0 mm < x a < 10 mm
ka x a           x a = 10 mm

(2)

The angle button lock operating force Fa2 can 
be calculated by

Table 1　Design parameters of fixed clamping component

Design parameter
f/mm
e/mm

kc/(N·mm-1)
r/mm

Augmentation ratio b/a

Value
0.5

34.5
1

54.5
16

Fig.5　Analysis of operating force of angle adjusting compo⁃
nent
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F a2 =
ì

í

î

ïïïï

ïïïï

ka x a               0 mm < x a ≤ 9 mm
( ka + 3πEd 4 tan δ2 sin δ2 /64L3 ) x a

               9 mm < x a ≤ 10 mm
(3)

where d is the wire spring diameter and ka the stiff⁃
ness of rack spring according to the shape size and 
movement principle of the angle button which the as⁃
tronauts operate by index finger pressing. Under this 
mode of operation， the astronaut’s index finger can 
exert a pressing force of 7 ─ 30 N［12-14］. In order to 
satisfy that the wire spring can slide smoothly along 
the “heart-shaped” groove， the component force of 
the wire spring force in the direction of the angle but⁃
ton movement should be less than the horizontal lat⁃
eral pressure. Considering the structural size and 
space constraints， the “cardioid” angle δ1 cannot be 
too small. Thus， the design parameters of the angle 
adjusting component can be obtained， as shown in 
Table 2.

2. 4 Length adjusting operating force　

For the on-orbit maintenance tasks of some 
large extravehicular equipment， the astronauts need 
to carry out maintenance operations at different loca⁃
tions from the cabin surface. That means the posi⁃
tion of the auxiliary handle should be adjustable. 
Therefore， the extravehicular movable handrail is 
designed to possess the length adjustment function. 
The length adjusting component is composed of tele⁃
scopic rod， bevel pin mechanism， and bevel pin self-
locking mechanism. The bevel pin mechanism uses 
the bevel principle to transform the vertical down⁃
ward pressure of the length button into the horizon⁃
tal sliding force of the bevel pin. The self-locking 
mechanism of bevel pin adopts the gear changing 
principle of deep/shallow slots to realize the locking 

of adjusting state. The bevel pin mechanism in⁃
cludes one transverse pressure spring， and the bevel 
pin self-locking mechanism contains two longitudi⁃
nal pressure springs， which form a spring parallel 
system. The opening and locking states of the 
length adjusting component are shown in Figs.6（a，
b）. Among them， Spring 1 is used to realize the sep⁃
aration of upper and lower tooth surfaces when 
changing teeth， Spring 2 ensures that the lower 
tooth surface is alternately meshing with deep/shal⁃
low tooth surfaces， and Spring 3 provides spring 
back force for the bevel pin， where xl is the longitu⁃
dinal displacement， γ the bevel angle， and Fx the 
beveling force.

The length adjustment operating force Fl is for⁃
mulated as follows

F l =

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

k1 x l           0 mm < x l ≤ 1 mm
( 4k3 tan γ cos ( 90° - γ ) / cos γ + k1 + k2 ) x l

         1 mm < x l < 13 mm
k1 x l                   x l = 13 mm

(4)
where k1 is the stiffness of Spring 1， k2 the stiffness 
of Spring 2， and k3 the stiffness of Spring 3. Accord⁃
ing to the working principle of the length adjusting 
component， the astronaut’s operation mode is fin⁃
ger pressing. Under this mode of operation， the as⁃
tronaut’s fingers can exert an operating force of 7—
30 N［12-14］. At the same time， in order to satisfy that 
the bevel pin can change the vertical force into a hor⁃
izontal force， the bevel angle γ should not be great⁃
er than 45°. In addition， the horizontal sliding range 

Table 2　Design parameters of angle adjusting component

Design parameter
δ1/(°)
δ2/(°)

d/mm
L/mm

ka/(N·mm-1)

Value
45
10
1.2

32.5
0.6

Fig.6　Analysis of operating force of length adjusting 
component
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of the bevel pin shall not be less than the wall thick⁃
ness of the telescopic rod （4 mm）. According to the 
trigonometric function transformation， the bevel an⁃
gle γ should not be less than 17°. By comprehensive⁃
ly optimizing the structural size， the design parame⁃
ters of the length adjusting component are obtained， 
as shown in Table 3.

3 Performance Simulation Analysis

3. 1 Dynamic simulation analysis of driving 
force

In order to verify the motion and dynamic char⁃
acteristics of the designed extravehicular movable 
handrail， the dynamic simulation analysis of fixed 
clamping mechanism， angle adjusting mechanism， 
and length adjusting mechanism are performed with 
ADAMS software. The rotational driving is applied 
to the rotation center of the fixed clamping mecha⁃
nism. The displacement driving is applied to the but⁃
ton of the angle-adjusting mechanism and length-ad⁃
justing mechanism.

The hand driving moment and clamping force 
of the fixed clamping component are shown in 
Fig.7. When the cam rotation angle is 0°—80°， the 
hand driving moment of the fixed clamping mecha⁃
nism increases wavily with the cam rotation angle. 
The reason is that with the increase of the cam rota⁃
tion angle， the distance between the rotation center 
of the cam and the movable clamp contact point in⁃
creases. As a result， the movable clamp gradually 
lengthens the tension spring. In addition， when the 
cam rotation angle is increased by 10° every time， 
the pawl will cross a ratchet tooth. This is the rea⁃
son for multiple peaks in the hand driving moment 
curve.

When the cam rotation angle is 80°—90°， the 
hand driving moment rapidly increases with the in⁃
crease of the cam rotation angle. The reason is that 
the movable clamp begins to tighten the fixed hand⁃
rail， causing a rapid increase in contact force. Ac⁃
cording to the structural size of the cam， the dis⁃
tance between the grip area of the astronaut’s hand 
and the center of the eccentric cam is 100 mm. 
Therefore， the maximum force exerted by the hand 
is 30 N， which is consistent with the force character⁃
istics of the astronaut wearing gloves. From the 
clamping force curve， it can be seen that when the 
cam angle is between 80° and 90° ， the clamping 
force increases sharply with the cam rotation angle. 
When the cam rotation angle is 90° ， the clamping 
force reaches a maximum of 460 N.

As shown in Fig.8， the longitudinal displace⁃
ment of the length adjusting button is driven as 
shown by the dotted line. The unlocking and locking 
process is shown in the first 2 s and the last 2 s. The 
length adjustment driving force curve is shown by 
the solid line in the figure. The driving force basical⁃
ly increases with the increase of longitudinal dis⁃
placement. In the process of unlocking and locking， 
the lower tooth surface undergoes reciprocating 
transformation between shallow and deep teeth， 

Fig.7　Analysis of hand driving moment and clamping force 
of fixed clamping component

Fig.8　Analysis of length adjustment driving force

Table 3　Design parameters of length adjusting compo⁃
nent

Design parameter
γ/(°)

k1/(N·mm-1)
k2/(N·mm-1)
k3/(N·mm-1)

Value
20
0.1
0.7
0.5
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which leads to a sudden change of driving force in 
the process of crossing teeth.

As shown in Fig.9， the pressing depth of the 
angle adjustment button is driven as shown by the 
dotted line. The unlocking and locking process is 
shown in the first 2 s and the last 2 s. The angle ad⁃
justment driving force curve is shown by the solid 
line in the figure. When the time is 1—2 s and the 
pressing depth is 0—7 mm， the short edge of the 
wire spring slides along the inclined plane of the 45° 
heart-shaped chute. With the increase of the press⁃
ing depth， the bending moment of the wire spring 
around the z-axis gradually increases， resulting in 
an increase in the contact force between the wire 
spring and the 45° heart-shaped chute. Therefore， 
the angle adjustment driving force gradually increas⁃
es with the increase of the pressing depth. When the 
pressing depth is 7.0—8.7 mm， the short edge of 
the wire spring slips away from the shackles of the 
heart-shaped groove and enters the 10° half-heart-
shaped chute. The bending moment of the wire 
spring around the z-axis first decreases rapidly and 
then increases， resulting in the angle adjustment 
driving force first decreasing and then increasing. 
The maximum angle adjustment driving force is no 
more than 30 N. When the time is 3—4 s and the 
pressing depth is 0—7 mm， the bending moment of 
the wire spring around the z-axis is obviously weak⁃
ened.

3. 2 Clamping performance simulation　

According to the demand of astronauts’ extra⁃
vehicular operations， the auxiliary handrail is re⁃
quired to be able to withstand the static force of no 
less than 88 N in the direction of rotation around the 

fixed handrail. The finite element analysis method is 
used to simulate the static load under extreme work⁃
ing conditions. The maximum stress of the fixed 
clamping mechanism is calculated. The constitutive 
relation of fixed clamping mechanism parts is a bilin⁃
ear isotropic strengthening model. The relationship 
between the extravehicular handrail and the fixed 
clamping mechanism is defined as friction contact. 
The friction coefficient is set to 0.15. In order to im ⁃
prove the calculation accuracy and efficiency， the 
augmented Lagrangian contact algorithm is adopted. 
The maximum moment value is 62.328 N·m under 
the condition of the largest angle and the longest 
length. The opening deformation of the movable 
clamping and the fixed clamping is calculated. Fig.10
（a） shows the cloud image of the opening deforma⁃
tion of the fixed clamping mechanism and Fig.10（b） 
the stress cloud map of the fixed clamping mecha⁃
nism.

The fixed clamping mechanism slips around 
the arc section of the extravehicular handrail so that 
the opening is enlarged with a maximum of 
10.23 mm， which is less than the long edge distance 
of the extravehicular handrail. The maximum stress 
at the root of the fixed clamping is 712.6 MPa， 
which is less than the yield strength of TC4. The 
calculation results show that the deformation and 
stress of the fixed clamping mechanism can meet the 

Fig.9　Analysis of angle adjustment driving force and rigid-

flexible coupling dynamic model

Fig.10　Deformation and stress cloud diagram of fixed 
clamping mechanism
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requirements under extreme working conditions.

4 Test Verification 

In order to verify the function， operating force， 
space environment adaptability and ergonomics char⁃
acteristics of the designed extravehicular movable 
handrail， we carried out test verifications. The engi⁃
neering prototype of the extravehicular movable 
handrail is shown in Fig.11.

4. 1 Verification of functional test

According to the functional requirements pro⁃
posed in the design plan， the extravehicular mov⁃
able handrail should have the functions of fixed 
clamping， length adjustment and angle adjustment. 
When the astronaut wears pressurized extravehicu⁃
lar spacesuit， the operating force of each switch 
needs to be in line with the force characteristics of 
the astronaut’s hands. According to the function 
test of the extravehicular movable handrail， the 
functions of fixed clamping， angle adjustment and 
length adjustment can all be realized. The switching 
operating forces of fixed clamping component， an⁃
gle adjusting component and length adjusting com ⁃
ponent are measured， respectively. The correspond⁃
ing theoretical and experimental results are shown in 
Fig.12.

Through the theoretical curves and measured 
results of the operating force， we can see that the 
measured results are basically consistent with the 
theoretical curves. There is an inflection point in the 
operating force curve of the fixed clamping mecha⁃
nism. When the rotation angle is 0° ≤ φ ≤80°， the 
fixed clamping operating force varies approximately 

linearly with the rotation angle. The reason is that 
the operating force is mainly used to overcome the 
pulling force of the tension spring. When the rota⁃
tion angle is 80°<φ≤90°， the moving clamp begins 
to tighten the extravehicular handrail， resulting in a 
sharp increase in operating force with the increase of 
cam rotation angle. The operating force of angle and 
length adjustment increases linearly with the in⁃
crease of the pressing depth and the longitudinal dis⁃
placement.

4. 2 Verification of mechanical environment test

The extravehicular movable handrails will with⁃
stand various mechanical environments induced dur⁃
ing the rocket launch［18-19］. Therefore， in order to 
verify the mechanical environment adaptability of 

Fig.11　Engineering prototype of the extravehicular mov⁃
able handrail

Fig.12　Theoretical and measured values of operating force
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the extravehicular movable handrail， we carry out 
the impact， sinusoidal and random vibration tests. 
We test the operating forces of the extravehicular 
movable handrail before and after the impact， sinu⁃
soidal and random vibration tests， respectively. The 
results are shown in Fig.13.

As shown in Fig.13， the operating forces of the 
fixed clamping， angle adjusting button， and length 
adjusting button do not change too much before and 
after the test on impact， sinusoidal and random vi⁃
bration. These results demonstrate that the designed 
extravehicular movable handrail meets the require⁃
ments of the mechanical environment.

4. 3 Verification of thermal vacuum environ⁃
ment test　

During the extravehicular maintenance mis⁃
sion， the temperature of the extravehicular movable 

handrail can vary with the change of lighting condi⁃
tions and orbital environment. The thermal expan⁃
sion coefficient， internal clearance， and lubrication 
state of the parts in the moving mechanism will all 
be affected by the change of temperature， which in 
turn affects the working performance of the prod⁃
uct［20-21］.

Therefore， in order to accurately simulate the 
temperature of each part of the product in the extra⁃
vehicular environment of China space station， we 
adopt the infrared heating cage heating method to 
simulate the heat flow outside the surface of the 
product under extreme conditions. The position of 
the auxiliary handle is used as the temperature con⁃
trol point， and the position of the fixed clamping 
component is used as the temperature measuring 
point to ensure that the temperature of each part of 
the product can reach the steady state under extreme 
working conditions. According to the working per⁃
formance of the spacesuit， the maximum time of a 
single extravehicular activity of astronauts is 
7.5 h［22］. During the period， China space station or⁃
bited the Earth five times， experiencing dark areas 
and light areas five times with each lasting 45 
min［23］. The ambient temperature of the extravehicu⁃
lar movable handrail changes periodically with the 
position of China space station around the Earth. 
Therefore， it is necessary to carry out the thermal 
cycle test. The test state is shown in Fig.14. The 
test temperature is the limit temperature range of 
the space station orbit， that is， -100—100 ℃. The 
number of thermal cycles is 6.5.

During the thermal vacuum cycle tests， the 
press operation forces of the fixed clamping compo⁃
nent， the length adjustment button， and the angle 
adjustment button of the movable handrail are test⁃
ed. The operating force test results of the fixed 
clamping component under high and low tempera⁃
ture conditions are shown in Figs.15（a， b）. The 
press operation force test results of the length adjust⁃
ment button under high and low temperature condi⁃
tions are shown in Figs.15（c， d）. The press opera⁃
tion force test results of the angle adjustment button 
under high and low temperature conditions are 
shown in Figs.15（e， f）.

Fig.13　Operating forces before/after test
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From Fig.15， it can be seen that the operating 
force of the fixed clamping， the angle adjustment 
and the length adjustment under high temperature 
condition has almost no change from that under nor⁃

mal temperature condition. At low temperature， the 
spring steel wire appears cold brittleness， the spring 
stiffness increases， and the operating force increases 
slightly， but it still conforms to the force application 
characteristics of astronauts in EVA. There are out⁃

Fig.15　Operating force curves under high/low temperature 
vacuum conditions

Fig.14　Thermal vacuum environment test
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liers in the operating force of length adjustment， 
which are caused by the instantaneous impact during 
the gear changing process of the mechanism. The re⁃
sults of thermal vacuum tests verify that the func⁃
tions and performance of the movable handrail meet 
the requirements of the thermal vacuum environ⁃
ment.

4. 4 Verification of ergonomic test

In order to verify whether the designed extrave⁃
hicular movable handrail can meet the ergonomic re⁃
quirements of astronauts in EVA， we check the in⁃
volved ergonomic items one by one and establish an 
ergonomic evaluation item matrix， as shown in Ta⁃
ble 4.

For each evaluation item in the table， we carry 
out the simulated water tank and suspension ergo⁃
nomics tests， as shown in Fig.16. The test results 
show that the operation items related with our de⁃
signed extravehicular movable handrail meet the rel⁃
evant ergonomic requirements of the space station.

As shown in Fig.16（a）， the simulated light⁃
weight space station module with the extravehicular 
equipment and the hatch of the airlock module is 
placed in the neutral buoyancy water tank. Some 
floats are attached to the spacesuit to counteract 
gravity. Similarly， the lightweight extravehicular 

movable handrail also uses the same method to 
counteract gravity. In addition， the astronaut has six 
degrees of freedom in water tank. Astronauts carry 
out the whole process simulation of the extravehicu⁃
lar movable handrail wearing pressurized extravehic⁃
ular spacesuit in water tank. In this way， the whole 
extravehicular activity task can be covered. We re⁃
cord the astronaut’s operational position and pos⁃
ture， then check for any movement interference dur⁃
ing the operation process. After the astronaut com ⁃
pletes the entire experiment and returns to the 
ground， we record the astronaut’s operational feed⁃
back， which includes the operational visibility， 
space， and flow. We further divide operational feed⁃
back into three levels， including qualified， barely 
qualified， and unqualified. If any item is not quali⁃
fied， it is considered that the engineering prototype 
does not meet the ergonomic requirements.

As shown in Fig.16（b）， taking the ergonomic 
suspension test of thermal control equipment as an 
example， a thermal control simulated equipment 
and the extravehicular handrails in the nearby area 
are installed on the simulated cabin board. The 
spacesuit is suspended by an air-floating platform. 
With the assistance of testers， the spacesuit can 
move freely in both horizontal and vertical direc⁃
tions. Similarly， the extravehicular movable hand⁃
rail also uses the same method to counteract gravity. 
The movable handrail can be made of titanium alloy 
material in the suspension experiment. Therefore， 

Table 4　Ergonomic evaluation items of extravehicular movable handrail

Suspension(○) / Water tank(△)

Clamping operation
Angle adjustment
Length adjustment
Product interface security (rounded corners), identification (on/off light contrast)

Visible & 
accessible

△
△
△

Operating 
alignment

○
○
○

Operating 
feedback

○
○
○

Operating 
space

△
△
△

Operating 
mode

○
○
○

Shape & 
size

○/△
○/△
○/△

○

Operating 
force

○
○
○

Fig.16　Ergonomic tests of weight-loss water tank and sus⁃
pension
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the feedback on the operating force of each button is 
more accurate and the operational position and pos⁃
ture of astronauts can be recorded more accurately. 
In addition， under different light intensities， astro⁃
nauts look at operation signs to simulate the work⁃
ing conditions in shaded areas.

5 Discussion 

Because the theoretical operating force equa⁃
tion of the fixed clamping mechanism is calculated 
according to the working condition of the astronaut 
pressing the pawl， there is no wave peak in the theo⁃
retical operating force curve. Compared with the 
maximum operating force， the intermediate peak is 
negligible. In addition， the fixed clamping mecha⁃
nism has nine gears， which is helpful to hold objects 
of different thicknesses during on-orbit maintenance 
missions.

Both the angle and length adjusting mecha⁃
nisms can self-lock by changing the chute. Accord⁃
ing to the operating force curve of the test， the oper⁃
ating force curve of the length adjusting mechanism 
is smoother than that of the angle adjusting mecha⁃
nism. Due to the fact that the wire spring of the an⁃
gle adjusting mechanism is sensitive to tempera⁃
ture， there is a sudden change in the measured oper⁃
ating force curve. During the operation of the angle 
adjustment mechanism， the astronaut’s fingers will 
feel the impact caused by the sudden change of force 
value.

The operating mechanism in this paper covers 
a variety of typical operational conditions of on-orbit 
maintenance of the China space station. When de⁃
signing structural dimensions and spring parame⁃
ters， the design parameter is obtained by the operat⁃
ing mode and force of astronauts wearing pressur⁃
ized spacesuits. Therefore， the operational mode 
and force can be taken as the important input condi⁃
tions， and the operational force formula can be es⁃
tablished according to the above operating condi⁃
tions. The operational force of the astronaut’s hand 
is calculated by the operational force formula. Guide 
the maintenance mission procedures according to 
the calculated operational force.

For the scheme iteration and optimal design of 
the new generation of extravehicular tools， the de⁃
sign parameters of the prototype can provide a set of 
rapid design methods of clamping and adjustment. It 
could provide some technical references for develop⁃
ing and using new extravehicular tools.

6 Conclusions 

（1） A novel extravehicular movable handrail 
for extravehicular activities of astronauts is pro⁃
posed. The movable handrail is composed of fixed 
clamping component， angle adjusting component， 
length adjusting component， and auxiliary handle. 
The adjustable function of angle and length increas⁃
es the range of astronaut activities. It provides a new 
design idea for the extravehicular handrail.

（2） Based on the ergonomics theory， we sum⁃
marize different operating modes and the required 
operating forces of astronauts. Then， we quantita⁃
tively design the operating forces of each operating 
component， and the stiffness of the spring and struc⁃
ture dimensions are obtained.

（3） The dynamics analysis model of each oper⁃
ating component is established， and the motion 
range of each operating component is obtained as 
driving conditions. The dynamic result shows that 
the clamping force of the fixed clamping component 
can reach 460 N and the operating force is not more 
than 30 N.

（4） The prototype of the extravehicular mov⁃
able handrail is developed. The functional， mechani⁃
cal， and thermal vacuum environment tests are con⁃
ducted. Specifically， during the environmental ex⁃
periment， we measure the operating force. The 
measurement results indicate that there is no jam ⁃
ming during the operation process， which means 
that the operating force will not increase significant⁃
ly due to the thermal vacuum environment.

（5） To verify the operational performance of 
the extravehicular movable handrail， astronauts 
wearing a pressurized spacesuit operate the movable 
handrail in the neutral buoyancy water tank test and 
air floating suspension test， respectively. The test 
covers all operations within EVA mission profile. 
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The test results show that the operation items relat⁃
ed with our designed extravehicular movable hand⁃
rail meet the relevant ergonomic requirements of the 
space station. The designed movable handrail can 
assist astronauts in complex extravehicular tasks.
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航天员出舱活动用移动扶手原型设计与试验验证

刘俊良 1， 傅 浩 1，2， 王 哲 1， 范子琦 1， 郭 涛 1

（1.北京卫星环境工程研究所, 北京  100094, 中国； 2.哈尔滨工业大学机电工程学院, 哈尔滨 150001, 中国）

摘要：针对空间站舱外固定扶手难以满足航天员复杂舱外作业需求的问题，提出一种航天员出舱活动用的移动

扶手，并对其进行了参数设计与试验研究。首先，在充分考虑着舱外服加压航天员手部施力特性的基础上，对舱

外移动扶手操作机构的几何尺寸和弹簧刚度进行了参数设计。其次，为满足航天员在轨出舱单手操作移动扶手

的人机工效学需求，对操作机构进行了自锁设计，并利用 ADAMS 对操作机构进行了动力学仿真分析，仿真结果

表明，各操作机构能够实现自锁功能，且操作力符合着服加压航天员手部施力特性。最后，研制了舱外移动扶手

原理样机，从功能、环境适应性及人机工效学方面进行了试验验证。试验结果表明：所述方案可顺利完成舱体扶

手夹持、长度和角度调节，且实测操作力与理论值基本吻合，在力学和热学环境试验前后操作力无明显变化，各

操作机构满足空间站舱外低轨环境及人机工效学要求。

关键词：出舱活动；出舱移动扶手；机构设计；人机工效学
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