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Abstract 
 
This paper proposes a so-called multi-servomotor parallel driven scheme to construct high capacity mechanical presses. The design 

method is based on the combination of dual screw actuation unit, parallel mechanism with kinematic redundancy (PMKR) and toggle 
mechanism with symmetric arrangement. Here, the dual screw actuation unit, which consists of two ball screws driven by two servomo-
tors respectively, acts as a linear actuator. By connection with PMKR, several actuators are incorporated to generate large driving force to 
push the ram of press via toggle mechanism. To get more power from more linear actuation units, three kinds of 2-, 3-, 6-degree of free-
dom (DoF) PMKRs with linear actuators are proposed. A 2-DoF PMKR example is studied, and its load capability and accuracy per-
formance are illustrated. Finally, three schematics of 4-, 6- and 12- servomotor mechanical presses are presented. These schemes demon-
strate the feasibility of the design method to develop high capacity mechanical presses driven by multi-servomotor.  
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1. Introduction 

For low cost and high productivity, stamping operations are 
widely used to manufacture products ranging from automotive 
panels to kitchen sinks. Different from a conventional me-
chanical press, in a servo-driven mechanical press the servo-
motors are directly attached to the press drive shaft and re-
place the flywheel, clutch and main motor. Therefore, servo-
mechanical presses have programmable stroke and velocity to 
fulfill various requirements [1-8]. Consequently, improved 
economic and increased energy efficiency can be achievable 
by employing servo presses.  

On one hand, the direct-drive approach enables the flexibil-
ity of the slide motion. On the other hand, absence of energy 
accumulation device, such as the flywheel of the mechanical 
presses or the accumulator of the hydraulic presses, also limits 
servomechanical press to a lower stamping capacity. The fur-
ther development of servopress seems to be restricted by the 
power available from commercial servomotors. For the pur-
pose of developing high capacity servopress, numerous press 
manufacturers have implemented many different approaches 
[9-13] such as high torque and low round servomotors, driving 
mechanism with force-multiplier effect and redundant actua-
tion. Here, the redundant actuation means two or more servo-
motors were used to drive a common ram of press. Currently, 

the redundant actuation in servopresses is executed mainly 
through two ways. One way is that each servo motor inde-
pendently works, while a complex control system coordinates 
servo motors motion to drive ram up or down in parallel to 
press bolster at all times. The other way is to have a gear on 
the drive shaft and build a housing that holds all servomotors 
with pinions to drive the same gear. Therefore, energy from 
each servo motor converges to the slide through this gear 
transmission system. Since not only the tight motion synchro-
nization but also the load distribution among these different 
servomotors should be guaranteed by control system to avoid 
interference, one can see that the both methods increase con-
trol cost and are difficult to maintain. 

Considering that servomechanical presses provide energy 
on demand, this puts stress on a servomotor when the job 
needs large forming forces quickly. From kinematic point of 
view, most of the current driving mechanisms of servopresses 
are single DoF link mechanism whose driving torque comes 
solely from a servomotor. The regular solution to this problem 
is to use high capacity servomotors, but this incurs additional 
financial expense and technical challenge. Although two or 
more servomotors can be used to directly actuate the common 
ram (which has only one translational DoF) by synchronous 
control strategy, there still exists the risk of becoming over-
constrained, which is caused by the actuation redundancy. If 
servomotors don’t run in harmony strictly at any time, the 
output motions from servomotors will interfere with each 
other, and even destroy the structure of the press. Due to these 
reasons, multiple servomotor actuation without causing over-
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constrained is a suitable approach to develop high capacity 
presses. 

In view of the above conditions, we propose a design me-
thod to construct a new type of mechanical presses driven by 
multiple servomotors. Overall, a dual screw actuation unit 
driven by two servomotors is described [14], which has been 
confirmed in a servo press prototype with 200 t tonnage being 
developed in our laboratory with the cooperation of a well-
established press manufacturer, as shown in Fig. 1. The dual 
screw actuation unit acts as linear actuator. If two component 
screws have the same load capability, the dual screw actuation 
unit possesses twice the load capability as one screw. Next, 
three kinds of 2-, 3- and 6-DoF PMKR are proposed to avoid 
over-constraint caused by actuation redundancy. A 2-DoF 
parallel mechanism example is given to illustrate the load 
capability and accuracy performance. Finally, by combination 
of 2-, 3- and 6-DoF parallel mechanism, the dual screw actua-
tion unit and the toggle mechanism with symmetric arrange-
ment, three kinds of 4-, 6- and 12- servomotor driven me-
chanical presses are presented, and their schematic illustra-
tions are described. These schemes demonstrate the feasibility 
of the design method to develop high capacity mechanical 
presses driven by multi-servomotor.  

 
2. The dual screw actuation unit 

In precision and engineering applications, where motion is 
controlled by using computers, the conversion between rota-
tional and translational motion is usually done by ball screw 
mechanism. The reciprocating ball screw transfers torque 
from motor into force to withstand high thrust loads along the 
shaft axis. Some of the most important features of the device 
are its positional accuracy, high mechanical efficiency and 
load carrying capability. These advantages make it suitable for 
high precision and high load machine tools. Since single ball 
screw can provide finite load capability, it is incompetent for 
heavy duty job. Consequently, a dual screws actuation unit is 
applied here. 

The dual screw actuation unit is basically composed of two 
ball screw mechanism, whose kinematic arrangement (joint 
and loop graph) is shown in Fig. 2. It consists of seven parts: 
the frame, two screw nuts, two screw shafts, one coupler link 
and one moving platform. Two parallel screw shafts are con-
nected to the frame with revolute joints and actuated by two 
servomotors, respectively. There exists a screw pair between 
each screw shaft and its nut. Two screw nuts are connected by 
a coupler link and a moving platform simultaneously. Their 
structures have the following feature: one end is eccentric, that 
means the rotation axis of the nut’s end is placed away from 
its geometric centre (called eccentric end); the other end is 
concentric, indicating that the rotation axis of the nut is coin-
cided with its geometric centre (called concentric end). Con-
sequently, the eccentric ends are connected by one coupler 
link with revolute joints, and the concentric ends are con-
nected by one moving platform with revolute joints as well. 

If using the well known Kutzbach Grübler formula, the total 
number of degrees of freedom M is given by  

 

1
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i
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=

= − − + = × − − + × = −∑
 

 (1) 

 
where d represents the dimension of task space; n is the total 
number of the links including the frame; g is the total number 
of the joints and iu  denotes the degrees of freedom of the ith 
joint. It means that this mechanism is a structure and no mo-
tion at all can be obtained by this structure. For particular con-
figurations of mechanism geometry, two degrees of freedom 
mobility can be generated, and therefore the mechanism is 
internally over-constrained. If the orientations of joints and/or 
the link dimensions are arranged specially, some of the joint 
constraints become dependent (redundant). To obtain a move-
able mechanism, the following geometric conditions must be 
satisfied: the rotation axes of all revolute joints and screw 
pairs are in parallel; both the moving platform and coupler 
link are all perpendicular to screw shaft. 

For dual screw actuation unit, there exist two types of as-
sembly configurations with respect to the spiral direction of 
two screws, as shown in Fig. 3. The assembly configuration in 
Fig. 3(a) means that the spiral directions of the two screws are 
opposite. In Fig. 3(b), the two screws have identical spiral 
direction. It is noteworthy that the two screw nuts can rotate 
about and translate along the axis of screw shaft simultane-
ously, and the moving platform can move only along the 

      

              (a)                          (b) 
 
Fig. 1. A servo mechanical press with dual screws actuation unit: (a)
Prototype of the servo mechanical press; (b) Schematic of structure. 

 

Frame

Revolute
   joint Screw shaft 2 screw pair Screw nut 2

Coupler 
link

Revolute
   joint

Screw shaft 1 Screw  pair Screw nut 1 

Revolute
   joint

Revolute
   joint

Moving 
platform

Revolute
   joint

Revolute
   joint

 
 
Fig. 2. Kinematic arrangement for dual screw actuation unit. 
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screw shaft together with two nuts.  
Furthermore, if the structure dimensions are arranged spe-

cially, i.e., two eccentric distances of the eccentric end are the 
same and the length of coupler link is equal to the distance 
between the two screw shafts, we can get a 2-DOF dual screw 
transmission mechanism with special kinematic and load dis-
tribution feature. In this design, the dual screw actuation unit 
with assembly configuration shown in Fig. 3(a) is adopted, 
whose kinematics and load distribution are briefly described in 
Appendix A. 

 
3. The parallel mechanism with kinematic redun-

dancy 

Parallel mechanism is a closed-loop kinematic chain me-
chanism whose moving platform is linked to the base by inde-
pendent kinematic chains. Parallel mechanisms have been 
utilized in many industrial applications, where high load car-
rying capability (flight simulator, automobile simulator, tank 
simulator, earthquake simulator and so on), good kinematic 
and dynamic performance (parallel machine tools, Delta robot 
for very fast pick-and-place tasks, force and torque sensors, 
legs of walking machines) and precise positioning (micro-
manipulators, manipulator for ophthalmic surgery operation). 
However, the parallel manipulators have also some drawbacks, 
such as limited workspace, more constraining singularity loci 
or a high coupling of kinematics and dynamics [15].  

To overcome the aforementioned disadvantages of parallel 
mechanisms, much research on redundant parallel mechanism 
has been conducted [16-19]. There are many advantages for 
the redundant parallel manipulator, such as avoiding kine-
matic singularities, increasing workspace, improving dexterity, 
and enlarging load capability. Redundancy in parallel manipu-
lators can be divided into two different types: actuation redun-

dancy and kinematic redundancy. If the number of actuators 
of a mechanism is greater than its mobility, the mechanism 
has actuation redundancy. On the other hand, if the mobility of 
the mechanism is greater than the degree of freedom required 
performing a task, the mechanism is kinematically redundant. 
It is noted that actuation redundancy introduces more actuators 
than the minimum needed for controlling the mechanism, and 
then results in the internal force control problem. Since the 
errors in internal force control are harmful to links, the use of 
mere position control is no longer possible. In contrast, kine-
matic redundancy has more controlled actuators in the execu-
tion of a given task, so it is possible to adjust the configuration 
of a mechanism without changing the position and orientation 
of its end-effector. The choice of configuration may be based 
on different criteria, such as minimum energy, minimum con-
dition number, minimum distance or minimum travel time. 
Here, the design criterion is set as the maximum load capabil-
ity. For these reasons, in this design, kinematic redundancy 
other than actuation redundancy is used as a solution to 
achieve large load capability and avoid internal force conflict. 

Kinematic redundancy is originally introduced to serial ma-
nipulator and gets extensive applications. For parallel mecha-
nisms, there are a few researches dealing with the issue [20-
22]. In general, the kinematic redundancy can be implemented 
by adding extra active joints and links to limbs. For servo-
presses, the stamping task is the reciprocating motion of the 
punch ram with only one translational DoF. In case of using 
non-redundant mechanism, the mobility of the mechanism is 
one, which means that only one actuator drives the single DoF 
mechanism. However, for kinematically redundant mecha-
nism, the redundant DoFs introduce more actuators to be used. 
To get more load capacity from more actuators, some kinds of 
2-, 3-, 6-DoF PMKR are proposed here. 

 
3.1 Planar 2-DoF PMKR 

A kind of planar 2-DoF PMKR is presented. As shown in 
Fig. 4, the parallel mechanism is composed of three kinematic 
limbs, each of which is the PRR (R denotes revolute joint and 
P indicates prismatic joint) chain. The axes of any prismatic 
joints in the chains are parallel. Three limbs are connected to a 
point B with a common R joint. When the prismatic joints at 
point A1 and A2 are actuated, the prismatic joint at point C acts 
as the end-effector.  

Obviously, this kind of PMKR is based on 2-DoF PRRRP 
parallel mechanism and obtained by adding a passive PRR 
chain. This passive PRR chain does not affect the mobility of 
the mechanism. 

 
3.2 Planar 3-DoF PMKR 

For the mechanism shown in Fig. 5, it possesses four kine-
matic limbs and a moving platform. All of the limbs are PRR 
chains and connected to the common moving platform with 
revolute joints. Three prismatic joints at point A1, A2 and A3 

12345   
(a) 

 

12345   
(b) 

 
Fig. 3. Schematic of dual screw actuation unit: (1) Frame; (2) screw 
shaft; (3) moving platform; (4) screw nut; (5) Coupler link. 
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are driven by linear actuators, respectively. The prismatic joint 
at point D is the end-effector. Although the mobility of 
mechanism is three, the output is just limited to one transla-
tional DoF. Therefore, this kind of mechanism is also kine-
matically redundant. It is clear that this kind of parallel 
mechanism is a combination of a 3-DoF fully-parallel mecha-
nism with 3- PRR structure and a passive PRR chain that 
couldn’t constrain the motion of the moving platform.  

 
3.3 Spatial 6-DoF PMKR 

Fig. 6 shows a kind of spatial 6-DoF PMKR. Seven PSS (S 
denotes spherical joints) limbs are connected to the common 
moving platform with spherical joints. When six prismatic 
joints at points A1, A2, A3, A4, A5, and A6 are actuated, the mov-
ing platform can execute movement with six DoFs. It can be 
seen that the active six PSS limbs and moving platform con-
struct a 6-PSS fully-parallel mechanism with six DoFs, and 
the last PSS limb with 6-DoF is passive and imposes no con-
straint on the motion of the moving platform. The motion of 
prismatic joint D in the passive PSS limb is the output of the 
mechanism. 

By observing the above parallel mechanisms shown in Figs. 
4-6, we can conclude some main common configuration char-
acteristics. First, all active kinematic limbs are identical and 
arranged in a symmetric pattern. This type of arrangement is 
suitable for dividing the applied load equally among limbs. 
Next, there exists a prismatic joint driven by linear actuator in 
each of active limbs. The choice of linear actuator as input 
device is based on the novel driving concept of the dual screw 

actuation unit. The application of dual screw actuation unit 
can decrease the requirement of high capacity servomotors 
and exceed the limits of the single ball screw’s strength and 
durability. Finally, the translational axes of prismatic joint 
including inputs and output are all parallel. Such arrangement 
is for the purpose of possessing high load carrying capability 
without speed losses. 

 
4. Performance study example  

From the presentation of the three kinds of PMKR, we 
chose the planar 2-DoF PMKR shown in Fig. 4 to study. Since 
it has relatively simple structure and lesser design parameters, 
such performance characteristics as load capability and accu-
racy can be illustrated more explicitly. This helps us gain 
physical insight into the advantages of the PMKR. The study 
method is also available for 3-, 6-DoF PMKR. 

 
4.1 Kinematic analysis 

The kinematic model is established in Fig. 7. The original 
point of the reference coordinate system o-xy is located at the 
middle point of the distance between two parallel translational 
axis of prismatic joint A1 and A2, the y-axis being coincident 
with the translational axis of prismatic joint. The geometric 
parameters of the mechanism are defined as follows: li 
(i=1,2,3) denote the length of link A1B, A2B and BC, respec-
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Fig. 6. Spatial 6-DoF PMKR. 
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Fig. 7. Kinematic model of planar 2-DoF PMKR. 
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Fig. 4. Planar 2-DoF PMKR.  
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Fig. 5. Planar 3-DoF PMKR. 
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tively, 2R stands for the distance between two translational 
axis of prismatic joint A1 and A2. To make the mechanism be 
assembled and work freely, there should be l1>R and l2>R. 
Moreover, considering the symmetric arrangement, lengths of 
link A1B and A2B should be the same, i.e., l1= l2. 

The positions of points A1, A2, B and C with respect to the 
coordinate system o-xy are denoted as the following vector:  

 
1 1

2 2

OA [- , ]

OA [ , ]

OB [ , ]

OC [0, ]

T
A

T
A

T
B B

T
C

R y

R y

x y

y

=

=

=

=

,                           (2) 

 
where yA1 and yA2 are the input variables, yC is the output vari-
able of the parallel mechanism.  

The link lengths li (i=1,2,3) can be expressed as: 
 

1 1 1

2 2 2

3

A B OB OA

A B OB OA

BC OC OB

l

l

l

= =

= =

= =

-

-

-

.                    (3) 

 
That is  
 

( ) ( )2 2 2
1 1B B Ax R y y l+ + − = ,                  (4) 

( ) ( )2 2 2
2 2B B Ax R y y l− + − = ,                 (5) 

( )22 2
3B B Cx y y l+ − = .                       (6) 

 
Obviously, for a given set of inputs yA1 and yA2 , the output 

yC can be directly computed from Eqs. (4)-(6). That means 
there are certain solutions for the direct kinematics problem. 
However, for a given position of output yC, the required actu-
ated inputs can’t be determined uniquely and have infinite 
possible solutions. Therefore, with kinematic redundancy, the 
solution to the inverse kinematics problem no longer has a 
unique solution. This infinity of possible solutions allows the 
configuration of mechanism to be optimized. 

By differentiating Eqs. (4)-(6) with respect to time, the ve-
locity equations can be obtained as 

 
1

1 2
2

B A

B A

x y
y y
⎡ ⎤ ⎡ ⎤

=⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

J J ,                          (7) 

( ) 3
B

B C C
B

x
y y y

y
⎡ ⎤

− = ⎢ ⎥
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J .

  

                     (8) 

 
where J1 and J2 are 2×2 matrices, J3 is 1×2 matrices that can 
be expressed as  
 

1
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B B A

B B A

x R y y
x R y y

+ −⎡ ⎤
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1J ,                     (9) 
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2

           0
0      

B A

B A

y y
y y

−⎡ ⎤
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2J ,                (10) 

[ ]B B Cx y y= −3J .                       (11) 

 
If matrix J1 is non-singular, and yB≠yC , combining Eqs. (7) 

and (8) yields 
 

1

2

A

A

y
y
⎡ ⎤
⎢ ⎥
⎣ ⎦

Cy = J .                              (12) 

 
where J is the Jacobian matrix which maps the velocity vector 
of output into the velocity vector of input. 
 

( ) [ ]11 12J J
B C

1
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3 1 2J = J J J = ,      (13) 

( )( ) ( )( )( )
( ) ( )( ) ( )( )

2 1 1
11

2 1

B B A B A B B A B C

B C B B A B B A

x y y y y x R y y y y
J

y y x R y y x R y y
− − − − − −

=
− ⎡ + − − − − ⎤⎣ ⎦

, 

    (14) 
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   (15) 
 
Since Eqs. (4)-(6) can be rewritten as 
 

( )22
1 1B A By y l x R− = ± − + ,              (16) 

( )22
2 2B A By y l x R− = ± − − ,              (17) 

2 2
3B C By y l x− = ± − .                   (18) 

 
For the configuration shown in Fig. 6 that the sign “±” in Eqs. 
(16) and (17) is both “－”, and the sign “±” in Eq. (18) is “＋”, 
then the J11 and J12 in Jacobian matrix can be rewritten as  
 

( )( ) ( )( ) ( ) ( )( )( )
( ) ( )( ) ( ) ( )( )

2 2 22 2 2 2 2
2 1 1 3

11
2 22 2 2 2

3 2 1

B B B B B B

B B B B B

x l x R l x R x R l x R l x
J

l x x R l x R x R l x R

− − − − − + − − − − + −
=

⎡ ⎤− + − − − − − − − +⎢ ⎥⎣ ⎦  

 

(19) 
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2 1 2 3

12
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3 2 1
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B B B B B

x l x R l x R x R l x R l x
J

l x x R l x R x R l x R

− − − − − − + + + − − − −
=

⎡ ⎤− + − − − − − − − +⎢ ⎥⎣ ⎦

 

 (20) 
 

From Eqs. (19) and (20), we can see that the Jacobian matrix 
is independent of y. 

 
4.2 Load distribution 

In the 2-DoF parallel mechanism, the load acting on the 
end-effector is distributed between two independent kinematic 
chains with actuator. To achieve the most load capability of 
the mechanism, it is necessary to investigate the relationship 
between the driving force requirements of each actuator and 
the configuration of the mechanism. 
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According to the principle of virtual work, the virtual work 
of the external force applied to the system must be zero, so 

 
1 1 2 2 3 3 0F q F q F qδ δ δ+ + =                   (21) 

 
where F1 and δq1 are the driving forces that act on prismatic 
joint A1 and its corresponding virtual displacement, F2 and δq2 
are the driving forces that act on prismatic joint A2 and its 
corresponding virtual displacement, F3 and δq3 are the applied 
forces that act on prismatic joint C and its corresponding vir-
tual displacement. 

The relationship between the virtual displacement δq1, δq2 
and δq3 is determined by the Jacobian matrix and expressed as 

 
1

3
2

q
q

q
δ

δ
δ
⎡ ⎤
⎢ ⎥
⎣ ⎦

= J .                           (22) 

 
Substituting Eq. (22) into Eq. (21) yields 
 

( ) ( )1 1 3 11 2 2 3 12 0.q F F J q F F Jδ δ+ + + =        (23) 

 
Since Eq. (23) is always valid for any arbitrary virtual dis-

placements δq1 and δq2，it must follow that 
 

1 3 11F F J= − ,                            (24) 

2 3 12F F J= − .                           (25) 
 
Referring to Eqs. (19) and (20), besides the applied force F3 , 

it is clear that the values of driving force depend on the posi-
tion of the point B along the x-axis only (if the structure di-
mension is specified). That means the driving force will keep 
constant if xB does not change whatever the value of yB is. In 
addition, there are two special load distribution cases needed 
to be considered. The first case is F1=0. According to Eqs. 
(14), (15), (24) and (25), there is 

 
( ) ( )( ) ( )2 1 0B B A B B C B Ax y y x R y y y y⎡ − − − − ⎤ − =⎣ ⎦ ,   (26) 

F2=-F3.                               (27) 
 

The geometric meaning of the first case is link A2B and BC are 
collinear, as shown in Fig. 8(a), or link A1B is parallel to the x-
axis, as shown in Fig. 8(b). In this case, the external load is 
wholly supported by the prismatic joint A2. 

The second case is F2=0. Similarly, based on Eqs. (14), (15), 
(24) and (25), one can get  

 
( ) ( )( ) ( )1 2 0B B A B B C B Ax y y x R y y y y⎡ − − + − ⎤ − =⎣ ⎦ ,  (28) 

F1=-F3.                               (29) 
 

For this case, the geometric meaning is link A1B and BC are 
collinear, as shown in Fig. 9(a), or link A2B is parallel to the x-
axis, as shown in Fig. 9(b). Meanwhile, the external load is 
wholly supported by the prismatic joint A1. 

It is noted that the examples shown in Fig. 8(b) and 9(b) 
should not happen when l1>R+ l3 and l2>R+ l3. 

As an example, a mechanism with the structure parameters 
specified as l1=l2=2，l3=0.2，R=0.5 is considered to illus-
trate the load distribution. As mentioned above, the load dis-
tribution is evaluated based on the Jacobian matrix which is 
independent of y. Therefore, we can just consider the issue 
along the x-axis. The corresponding configuration of the 
mechanism can be represented by xB which is expressed by the 
angle θ measured with respect to the positive x-axis in Fig. 6, 
that is, xB=l3cosθ. Here, we use the ratio of F1/F3 and F2/F3 to 
describe the requirement of driving force for a given load F3. 
Through Eqs. (19), (20), (24) and (25), the relationship be-
tween the driving force requirements for a given load and 
configuration of mechanism is obtained and illustrated in Fig. 
10. One can see that the requirement of driving force varies 
dramatically with respect to the configuration. At the configu-
ration of θ=90o or θ=270o, the driving forces are equal to each 
other, i.e., F1/F3 = F2/F3 =-0.5, where the sign “-” means op-
posite direction of the load. This means the external load is 
divided equally between two actuators. But at some configura-
tion, the requirement of driving force from one actuator is far 
more than the applied load. For example, when θ=0o or 
θ=180o, the required driving forces are infinite. These con-
figurations should be avoided in practice. 

  
                (a)                      (b) 
 
Fig. 8. Examples of the geometrical meaning in the case of F1=0. 

 

   
                 (a)                      (b) 
 
Fig. 9. Examples of the geometrical meaning in the case of F2=0. 
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4.3 Load capability 

The load capability of a parallel mechanism is defined as 
the maximum load that can be applied (or sustained) by 
mechanisms at a given configuration based on the limits of 
actuators. If the load capacities of actuators are specified, by 
considering all possible configurations of parallel mechanism, 
the force capability plot can be generated. 

In this example, it is assumed that two actuators have the 
same load capability specified as Fin. Therefore, in order to 
avoid overload, the driving force from each actuator should 
not exceed Fin. Let us define the ratio between two driving 
forces requirement for a given load as μ. Referring to Eqs. 
(24) and (25), there is 

 
1 11

2 12

F J
F J

μ = = .                            (30) 

 
It can be seen that the ratio μ is the function of the configura-
tion of mechanism.  

According to the non-overload condition, i.e., 
max{|F1|,|F2|}≤Fin , the maximum load applied on the 2-DoF 
parallel mechanism, denoted as Fload, is expressed as 

 

11

12

1

1.

in
load

in
load

FF if
J
FF if
J

μ

μ

⎧ = − ≥⎪⎪
⎨
⎪ = − <
⎪⎩

              (31) 

 
It is clear that the load capability of a mechanism depends on 
not only the load capability of each actuator but also the con-
figuration of the mechanism. Since the load capacities of ac-
tuators are specified, the ratio of Fload/Fin is used to represent 
the load capability of the mechanism. By means of the same 
example discussed in section 4.2, the relationship between the 
load capability and configurations of parallel mechanism is 
illustrated in Fig. 11. It can be seen that the load capability of 
the mechanism reaches the maximum value, i.e., Fload/Fin=-2, 
at the configuration of θ=90o or θ=270o. Where the sign “-” 
means that direction of the load is opposite to the driving force. 
Meanwhile, at the same configuration, one can get F1=F2=Fin . 
That means the load capacity of each actuator is utilized to the 

utmost. 
In this example, by choosing the optimal configuration, the 

mechanism can make the utmost of the ability of each actuator 
to achieve high load capability. From the aforementioned 
kinematic analysis, it is clear that the configuration of a 
mechanism is decided by the input position of joints A1 and A2. 
From this point of view, one can conclude that the position 
control mode can guarantee the most load capability of a 
mechanism. Even if an input error happens, only the load ca-
pability is affected, but the internal force interference between 
actuators is avoidable.  

In contrast, if the mechanism with actuation redundancy is 
controlled only by the position mode, it is difficult to settle the 
load sharing among different actuators. In practice, there al-
ways exist errors in the position control loop. Interference will 
be caused between a redundant actuator and other actuators. 
Such that great internal forces are introduced and the deflec-
tions of the links are expanded. As a result, with the accumu-
lation of absolute positioning and orienting errors, the mecha-
nism is even collapsed. It can be seen that the use of mere 
position control is no longer possible for a mechanism with 
actuation redundancy. To solve this problem, a simple and 
effective control strategy is that the redundant chain is con-
trolled by the force mode and other chains the position mode 
[23, 24]. However, since the load distribution among actuators 
in a parallel mechanism with actuation redundancy is indefi-
nite, this control strategy will need more identification tech-
nologies to utilize the most load capacity of each actuator. 
From this respect, this design method provides a feasible solu-
tion to develop high capacity servopress with a relatively low 
control cost and high reliability with comparison to actuation 
redundancy. 

 
4.4 Accuracy analysis 

In stamping applications, accuracy is one of the most im-
portant performances. The best accuracy measurement for 
practical application would be the local maximum position 
error of the output end at a given nominal configuration [25, 
26]. If the machine is properly designed, manufactured, and 
calibrated, the input errors (coming from the finite resolution 
of the encoders, sensor errors, and control errors) are the most 
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Fig. 10. The relationship between load distribution and configuration.
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Fig. 11. The relationship between load capability and configuration. 



2330 Y. Bai et al. / Journal of Mechanical Science and Technology 25 (9) (2011) 2323~2334 
 

 

significant source of output position errors [27]. Here, we 
address the problem of computing the accuracy in the pres-
ence of input errors only. Given the input errors, the output 
position error can be calculated from the direct and inverse 
kinematics at a given nominal configuration. 

In the planar 2-DoF PMKR, let yA1, yA2 and yC denote the 
nominal input position of the prismatic joints A1, A2, and the 
corresponding nominal output position of the prismatic joint C, 
respectively. In addition, the nominal configuration is indi-
cated by the angular position θ of the link BC. It is supposed 
that the same actuators were used. As a result, the maximum 
input errors are identical and denoted as ±ε. As shown in Fig. 
12, the actual positions of prismatic joints A1 and A2, i.e., yA1’ 
and yA2’, are located somewhere in the ranges [yA1-ε, yA1+ε] 
and [yA2-ε, yA2+ε], respectively. The hatched area is the maxi-
mal workspace for the joint B with regard to the actual input 
ranges of joints A1 and A2. The four vertices Pi (i=1, 2, 3, 4) 
correspond to the combinations of limit of input: (yA1+ε, 
yA2+ε), (yA1+ε, yA2-ε), (yA1-ε, yA2-ε), and (yA1-ε, yA2+ε), respec-
tively. Referring to Eq. (18), the actual position of joint C can 
be obtained by sweeping xB and yB in the hatched area.  

For demonstrating the relationship between the output posi-
tion error and nominal configuration, the same example dis-
cussed previously is used, in which ε=0.00001 is considered. 
To evaluate the accuracy performance, the output position 
error of prismatic joint C is defined as ΔyC/ε= (yC’-yC)/ε, 
where yC’ denotes the actual position. Similarly, the input 
errors are defined as ΔyA1/ε=(yA1’-yA1)/ε and ΔyA2/ε=(yA2’-yA2)/ε. 

Fig. 13 illustrates the effects of the nominal configurations 
on distribution of output position error with respect to input 
position error (considering the symmetric arrangement of 
mechanism, some configurations are chosen in the range [0o, 
90o]). It shows that the output position errors when ΔyA1/ε=±1 
and ΔyA2/ε= ∓ 1 (corresponding to vertex P2 and P4, respec-
tively) vary drastically with the configuration. But when 
ΔyA1/ε=±1 and ΔyA2/ε= ±1 (corresponding to vertex P1 and P3, 
respectively), the output position errors are independent of the 
configuration. This can be explained by geometric analysis in 
Fig. 12, where the dotted lines and dash lines denote the con-

figurations with maximum input errors ε and –ε, respectively. 
Due to the parallelogram constraint, one can deduce that line 
P1P3 is always parallel to y-axis and |P1B|=|P2B|=ε. Conse-
quently, the output position error ΔyC/ε is equal to 1 and -1 
(corresponding to vertex P1 and P3, respectively) at any con-
figuration. 

The maximum output position error (defined as 
max{|ΔyC/ε|}) can be checked for each nominal configuration, 
and the results are shown in Fig. 14. It can be seen that when 
angular position θ is near 90o or 270o the maximum output 
errors are equal to the maximum input error. If the configura-
tion is far away from θ=90o and θ=270o, the maximum output 
error is much larger than the maximum input error.  

 
 
Fig. 12. Schematic of errors analysis.  
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Fig. 13. Effects of the configurations on distribution of output position 
error with respect to input position error. 
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5. The schemes of multi-servomotor driven mechani-
cal presses 

Based on the PMKR and the dual screw actuation unit, 
three kinds of multi-servomotor driven parallel actuation 
mechanisms can be constructed. In addition, considering the 
fact that the stamping work only requires a large forming force 
during a little proportion of stroke near the end, a force ampli-
fication mechanism such as toggle mechanism is introduced 
into the design. For toggle mechanism, a small input force can 
generate an extremely large output force, whose mechanical 
advantage is dependent on the position of output slide. At a 
specified position, the slider can produce an extremely large 
power to press workpiece. For this reason, a toggle mecha-
nism with symmetric arrangement is utilized to build a high 
capacity servopress. A symmetric arrangement is available for 
counteracting lateral forces on the guide from the ram and 
providing perfect ram parallelism. With a combination of 
parallel actuation mechanisms (consisting of a parallel mecha-
nism and several dual screw actuation units) and toggle 
mechanism with symmetric arrangement, three kinds of multi-
servomotor driven mechanical presses are presented. 

Fig. 15 describes the schematic of a 4-servomotor driven 
mechanical press. Its operation principle is described as fol-
lows. Two servomotors (1) are directly connected to a dual 
screw actuation unit, (2) whereby the rotating motions from 
servomotors are transferred into reciprocating motion of the 
component moving platform along the guide (3). In this way, 
four servomotors divided into two groups drive two dual 
screw actuation units, respectively. When servomotors run, 
the two component moving platforms of dual screw actuation 
unit push the corresponding driving link (4) to move the 
common slide (6) up and down along the guide (5) vertically 
via coupler link (9). Next, the slide (6) operates the toggle 
mechanism with symmetric arrangement (8) to drive the ram 
(7) performing the stamping work. Consequently, the power 
from four servomotors is incorporated to generate high form-
ing capacity. 

As shown in Figs. 16 and 17, the schematics of 6- and 12- 
servomotor driven mechanical presses are illustrated. Their 
operation principles are similar to the 4-servomotor driven 
mechanical press. Compared with 4-servomotor driven me-
chanical presses shown in Fig. 15, besides the quantity of ser-
vomotors, dual screw actuation units and driving links, the 

differences is that there is such an extra moving platform, i.e., 
part (10) in Figs. 16 and 17, between driving links and coupler 
link.  

These schemes demonstrate the feasibility of the design 
method to develop high capacity mechanical presses driven by 
multi-servomotor. 

 
6. Conclusions 

This paper presents a design method to develop high capac-
ity servomechanical presses. The main contributions of this 
paper are as follows: 
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Fig. 14. Maximum output position errors for different configurations.
 
 

9

4

8

5

7

1

2

10

6

3

  
          (a) 3D model                  (b) Front view 
 
Fig. 15. Schematic of 4-servomotor driven mechanical press: (1) Ser-
vomotor; (2) dual screw actuation unit; (3) guide for dual screw actua-
tion unit; (4) driving link; (5) guide for slide; (6) slide; (7) ram; (8) 
toggle mechanism with symmetric arrangement; (9) coupler link; (10) 
frame.  
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          (a) 3D model                  (b) Front view 
 
Fig. 16. Schematic of 6-servomotor driven mechanical press: (1) Ser-
vomotor; (2) dual screw actuation unit; (3) guide for dual screw actua-
tion unit; (4) driving link; (5) guide for slide; (6) slide; (7) ram; (8) 
toggle mechanism with symmetric arrangement; (9) coupler link; (10) 
moving platform; (11) frame. 
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(1) A dual screw actuation unit driven by two servomotors 
is put forward to act as linear actuator. Under specified con-
figuration, it possesses twice the load capability as one single 
screw mechanism in spite of the input motions of the servo-
motors; 

(2) To get more load capability from more linear actuators, 
some kinds of 2-, 3-, 6-DoF PMKR are proposed here. Com-
pared with actuation redundancy, kinematic redundancy per-
mits input error and avoids internal force conflict caused by 
over-constraint; 

(3) An example of 2-DoF PMKR is studied. It proves that at 
certain configuration (for this example, that is θ=90o or 
θ=270o), the PMKR can make the utmost load capacity of 
each actuator to achieve high load capability and occupy the 
same accuracy as an actuator.  

(4) With a combination of 2-, 3-, 6-DoF PMKR, dual screw 
actuation unit and a symmetric toggle mechanism, three 
schematics of 4-, 6- and 12- servomotor driven mechanical 
presses are illustrated. 
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Appendix  

A.1 The kinematics and load distribution of the dual 
screw actuation unit with specified configuration 

According to the assembly configuration shown in Fig. 3(a), 
the kinematic model is established in Fig. A.1. The links B1C1, 
C1C2 and B2C2 are located in the same plane in parallel with xy 
plane. It is assumed that the lengths of link B1C1 and B2C2 are 
the same, and the length of link C1C2 is equal to the distance 
between the two screw shafts. Due to the special geometry 
conditions, link B1C1, C1C2, B2C2 and a virtual link B1B2 con-
struct a planar parallelogram. 

Since the linear displacement of the screw nut along the 
screw shaft is decided by the relative rotation between the 
shaft and nut, one can get 

 
1 10 1

1 1 1 2
s m p θ θ α

π
− −

= ,                     (A1) 

2 20 2
2 2 2 2

s m p θ θ α
π

− −
=                     (A2) 

 
where, s1 and s2 are the linear displacement of the two screw 
nuts along the screw shaft; m1=1 and m2=-1 represent the 
spiral direction of two screws; p1 and p2 are the lead of the two 
screws, assuming that the leads of the two screws are constant 

and identical, i.e., p1=p2; θ1 and θ2 are the angular positions of 
the link B1C1 and B2C2, θ10 and θ20 denote their initial angular 
position, respectively; α1 and α2 are the angular displacements 
of the screw shaft A1B1 and A2B2. 

Under the condition of such assembly configuration and 
structure dimensions, the kinematic constraint equations can 
be expressed as  

 
10 20θ θ= ,                               (A3) 

1 2θ θ= ,                                 (A4) 

1 2s s= .                                 (A5) 
 

Substituting Eqs. (A1), (A2), (A3) and (A4) into Eq. (A5), the 
angle θ1 can be obtained 

 
1 2

1 10 .
2

α αθ θ+
= +                            (A6) 

 
Since two screw nuts are connected by a moving platform 

with revolute joints, the movement of the moving platform is 
identical to the screw nuts in the axial direction of the screw 
shaft. Thus, the displacement of the moving platform, denoted 
as s0, can be derived: 

 
2 1

0 1 .
4

s p α α
π
−

=                             (A7) 

 
Taking the derivative of Eqs. (A6) and (A7) with respect to 

time yields 
 

1 2
1 2

α αθ +
= ,                               (A8) 

( )1
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ps α α
π

= − .                          (A9) 

 
(a) 

 

 
(b) 

 
Fig. A.1. (a) Kinematic model of opposite spiral directions; (b) its xy
plan view. 
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From Eq. (A7), it can be seen that the movement of moving 
platform s0 is determined by two input variables, α1 and α2. So 
the mobility of the dual screw mechanism is 2. As a result, 
when two screw shafts are driven by two servomotors, respec-
tively, the motion of the moving platform is controllable. 
Since there are infinite combinations of inputs for a given 
output motion, the motions of input can be optimized in terms 
of specified design criteria. In addition, based on Eqs. (A8) 
and (A9), there are two special kinematic cases: (1) When two 
screw shafts rotate toward the same direction at the same ve-
locity, i.e., 1 2α α= , the screw nuts rotate only and the mov-
ing platform is still. (2) When two screw shafts rotate toward 
the opposite direction at the same velocity, i.e., 1 2α α= − , the 
screw nuts together with the moving platform translate along 
the screw shaft without rotation.  

In the absence of friction losses, the application of virtual 
work principle gives 

 
1 1 2 2 0 3 0T q T q F qδ δ δ+ + =                     (A10) 

 
where T1, T2, δq1 and δq2 are the driving torque that act on 
screw shafts and its corresponding virtual displacement, F0 
and δq3 are the external force that acts on the moving platform 
and its corresponding virtual displacement, respectively. 

The relationship between the virtual displacement δq1, δq2 
and δq3 is determined by Eq. (A9) 

 

( )1
3 2 14

pq q qδ δ δ
π

= − .                       (A11) 

 
Substituting Eq. (A11) into Eq. (A10) yields 

 

1 1
1 0 1 2 0 2 0

4 4
p pT F q T F qδ δ
π π

⎛ ⎞ ⎛ ⎞− + + =⎜ ⎟ ⎜ ⎟
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.       (A12) 

 
Since Eq. (A12) is always valid for any arbitrary virtual 

displacements δq1 and δq2，it must follow that 
 

1
1 04

pT F
π

= ,                           (A13) 

1
2 04

pT F
π

−
= .                           (A14) 

 
For a screw mechanism, the relationship between the axial 

external load F on the nut and driving torque T on the screw 
shaft is described as 

2 TF
mp
π

=                              (A15) 

 
where p is the lead of the screw, m=±1 represents the spiral 
direction of two screws. 

Obviously, from Eqs. (A13)-(A15), one can get the external 
load on each screw is 

 
0

1 2
FF = ,                               (A16) 

0
2 2

FF = .                              (A17) 

 
It is seen that the external load is distributed equally be-

tween two screws, and the load distribution is independent of 
the input motions of the servomotors. If two screws have the 
same load capability, the dual screw actuation unit possesses 
as twice load capability as one single screw mechanism. 

In addition, there are two configurations at θ1=0 or 180o 
needed to be considered. Under both configurations, links 
B1C1, B2C2and C1C2 are collinear. This means neither motion 
nor force could be transmitted through coupler link C1C2 be-
tween link B1C1 and B2C2 despite the large torque given by the 
motors. Then the mechanism will lose load capability momen-
tarily. Fortunately, these cases would not happen in practice, 
for the practical assembly configuration is sufficiently far 
from this situation and the two servomotors are controlled to 
run toward the opposite direction at the same velocity. 
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