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Fig. 2 Different stiffness in vertical sliding guide 

 
Rail Stiffness: Different from horizontal guides, vertical 

guides deal with big moment from spindle weight. It causes 
tension on top side and compression on bottom side of the 
contact area between guide and rail. In case of rolling guide, 
tensile stiffness and compressive stiffness are the same 
because special structure of the rails helps them to take the 
pressure with same area on both sides. But in sliding guide, 
tensile stiffness is smaller than compressive stiffness because 
of different areas as shown in Fig. 2.   

Ball screw deformation: Ball screw in vertical case 
normally loads large axial force - from the spindle - on the 
ball nut. It causes axial displacement on the screw during the 
motion. Fig. 3 (a) gives an example of screw deformation in 
case of fix-fix assembly with 300kg load, screw length 1m, 
screw diameter 25mm, E = 207GPa. And Fig. 3 (b) shows the 
results of displacement when the ball nut moves from top to 
bottom of the guide. This error can be avoided by adding 
counterweight support or compensating on machine 
controller.  

Backlash: In case of no counterweight, there is no 
backlash because the load pushes down on the nut keeping it 
in constant contact with the screw. If counterweight is 
present, backlash depends on the percentage of the 
counterweight as shown in Fig. 4. But nowadays these 
problems can be solved by using anti backlash ball screw [9] 
or compensating for backlash on the machine controller [10]. 
So, in vertical motion, backlash is not necessary to be 
considered as an issue. Accuracy is maintained whether the 
load is being raised or lowered. Another advantage of vertical 
motion applications is that the torque needed to lower the 
load is less than that required to raise it. This means there are 
possible opportunities for downsizing the motor. However it 
is always necessary to brake the screw shaft with the motor to 
prevent any backdriving. 

 

 
(a) 

  
(b) 

Fig. 3 (a) Fix-fix ball screw displacement model 
(b) Displacement and ball nut position 

 

 
Fig. 4 Backlash in horizontal and vertical cases   

(a) Horizontal case 
(b) Vertical without counterweight 

(c) 100% counterweight 
(d) 70% counterweight 

 

III. VERTICAL MODEL 

A. Current Transfer Function 
Equilibrium equations from transfer function of [4]. 
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They work almost perfectly in case of horizontal motion. 
But in the case of vertical motion they might need to be 
modified. That is the reason to build the separated model of 
forces and moments in case of vertical motion. 

B. Force and Moment Modeling 
Assuming ball nut is the center of system coordinates as 

shown in Fig. 5 (a). Counterweight force and head weight 
will be considered generally as C(Cx, Cy, Cz) and W(Wx, Wy, 
Wz). By projecting them onto each plane of the coordinates, 
moments and forces components are expressed: 
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(a) 
 

(b) 
Fig. 5 Force and moment model 

(a) General model 
(b) Projected components 
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= − +⎪⎩
 (4) 

Those forces and moments are different to components in 
Eqns. (1) and (2). It is suggested to modify and generalize the 
components within those equations to improve the 
application of transfer function. 

C. Setting error of chain or wire 

 
Fig. 6 Misalignment of connecting chain/wire to spindle 

head 

In assembly process of connecting the chain or wire to the 
machine head, misalignment usually happens. Fig. 6 is an 
example that visualizes the changes of counterweight 
components Cx during the movement of the head, where
h x h L≤ ≤ + , h is initial height, L is travelling height. 

Fig. 7 demonstrates the moment errors through setting 
error following the case: 
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At a quite large setting error of 50mm the error of Mx is 
less than 10N/m, My and Mx are less than 3%. These errors 
can be overcomed by increasing the stiffness of the vertical 
rail. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Moment error and setting error 
(a) Mx 
(b) My 
(c) Mz 
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IV. COUNTERWEIGHT AND VIBRATION 

A. Vibration Model 
Machine tool with counterweight has higher load capacity 

and more safety during operation. But adding one more 
component to the machine structure means dynamic problem 
needs to be reconsidered. And vibration analysis is coming 
up. By simplifying machine center as Lin's work [6], 
vibration model can be carried out.  Ball nut m3 is considered 
as a source giving motion to machine head m2. Machine head 
is connected to counterweight system m1 by chain or steel 
wire with stiffness k1 and damping c1. Connection between 
the spindle and ball nut has stiffness k2 and damping c2. Fig. 8 
(a) shows the mechanical counterweight model and vibration 
equation is: 

{ } { } { } { }( )M x C x K x F t+ + =  (5) 
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1 1 11 1 1 1 1

2 2 22 1 1 2 2 1 1 2 2

3 3 3
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Fig. 8 (b) presents the hydraulic or pneumatic 

counterweight model. Vibration equation in this case can be 
expressed as Eqn. (5) with m1 << m2. 

B. Vibration analysis 
Fig. 9 introduces a schematic model built in MATLAB 

Simulink. Initial parameters of this study case are: 
m1 = 28 (kg) 
m2 = 38 (kg) 
k1 = 1.15x104 (N/m) 
c1 = 121 (Ns/m) 
k2 =9.86x106 (N/m) 
c2 = 9730 (Ns/m) 

 

 
Fig. 8 Vibration model 

(a) Mechanical counterweight 
(b) Hydraulic and Pneumatic counterweight 

One complete move of machine head to the target is 
normally divided in 3 stages: acceleration, constant and 
deceleration. Fig. 10 expresses velocity and acceleration 
through time during one move of the ball nut, meanwhile f(t) 
in Eqn. (5) should be: 

if 0 0.5
( ) 0 if 0.5 1.5

 if 1.5

a t
f t t

a t

≤ ≤⎧
⎪= ≤ ≤⎨
⎪− ≤⎩

 (6) 

From that input condition displacements or position errors 
between spindle head and ball nut positions are plotted in Fig. 
11. Fig. 11 (b) gives better results compare to Fig. 11 (a), 
which mean hydraulic and pneumatic counterweight and 
non-counterweight are more reliable than mechanical 
counterweight. 

 
Fig. 9 Matlab simulink 

 

(a) 

 (b) 
Fig. 10 Ball nut input 

(a) Velocity 
(b) Acceleration 
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Fig. 12 Velocity difference by chain assembly 

 

 
(a) 

 
(b) 

Fig. 13 (a) Velocity ratio and chain model 
(b) Force fluctuation with chain LH0822 

 

V. CONCLUSION 
This assessment reviews the differences between vertical 

and horizontal motion in machine center. From the review 
two problems are raised and solutions are also proposed. 
Specific forces and moment model for vertical guide are 
built. But for the purpose of applying modifications to current 
transfer function, the model needs to be generalized.  
Vibration of mechanical counterweight and hydraulic or air 
counterweight system are predicted and evaluated.  

Further works and experiments need to be solved for 
generalize the results into practical applications. 
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