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1. Introduction

Modern machine tools are sophisticated mechatronic 
systems where the feed drive system plays a crucial role in 
positioning components carrying the tool and workpiece, 
determining part quantity and manufacturing productivity.
Depending on operational needs, manufacturers may choose
between ball screw, linear motor or double pinion and rack 
systems [1, 2]. Travel distance is a significant factor affecting
both cost and performance. Ball screw drives are preferred for 
distances up to 4-5 meters due to their precise positioning and 
good efficiency-to-cost ratio [3]. In contrast, linear motors, 
which eliminate backlash and wear due to the absence of 
mechanical transmission elements, are more costly and used 
selectively where their benefits outweigh their expenses. For 
travels exceeding 5 meters, double pinion and rack systems are 
ideal as they maintain stiffness irrespective of distance. Uriarte 
et al. have recommended these systems for large machines 
requiring long travels and high load capacity [4].

Machine tools demand minimal backlash for accuracy. 
While powertrain systems are engineered to minimize 
clearance, the application of preload can further enhance 

precision. Preload force significantly impacts feed motion 
quality, dynamic behaviour, service life and energy 
consumption. Unlike direct drives with linear motors, which 
inherently have zero backlash and require no preload [1], ball 
screw and rack and pinion systems need a tensioning force to 
eliminate clearance.

In ball screw applications, the nut is preloaded to remove 
axial clearance between the recirculating balls and the screw’s 
guiding slots, increasing contact stiffness. Temperature 
variations can alter this preload value [5, 6]. The most common 
method involves adjusting a spacer between two nuts, with the 
spacer’s thickness determining the preload force [7]. Clearance 
can also be reduced by using slightly larger recirculating balls, 
but this is only feasible for small preloads due to increased wear 
from sliding contact. Excessive preload results in high wear 
and heat, so preload force is typically limited to 12% of 
dynamic load capacity, with a usual value around 6-8% [3].
Verl et al. proposed a design principle that reduces preload to 
enhance operational characteristics [8]. Direct preload 
identification is complex and rare in practice; however, the 
preload of an assembled ball screw can be measured by 
evaluating drag torque at 100 rpm with no external loads, as per 
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DIN ISO 3408-3 [9]. Verl et al. discovered that pretension 
varies with feed velocity, being negligible at low speeds but 
significant at high speeds [10]. Zhou et al. analyzed the 
differences between traditional preload estimates and 
experimental values, developing a preload-adjustable ball 
screw to study the relationship between preload force and drag 
torque. Their new modeling approach improved prediction 
accuracy across three preload levels [11].

In double pinion and rack feed drives, backlash is the 
distance a gear moves along the pitch line before engaging a 
fixed gear. Backlash provides running clearance, 
accommodates manufacturing tolerances and reduces heat, 
noise, wear, and overload risks, thereby preventing drive 
failure [12]. In literature, two approaches aim to reduce 
clearance by applying preload. Mechanical solutions, such as 
split pinions [13], mechanical assemblies [14], and hydraulic 
actuation [15], are proposed but may not fully eliminate play 
between gear segments [16]. Commercially available single-
motor gearboxes are cost-effective but lack adjustable preload 
without mechanical modifications [17]. In large machine tools 
with high torque requirements, drive parallelization enhances 
input torque and a secondary drive for pretension torque can 
mitigate nonlinear vibrations from backlash and axis feedback 
control [18]. The industry trend favors double motor actuation 
with electronic preload control via CNC controllers, 
simplifying drive design while increasing controller 
complexity, but nowadays CNC manufacturers provide this 
control solution. To perform electronic preload, the velocity 
control loop in double pinion and rack drives uses a master-
slave coupling (Fig. 1.a). The master drive controls position 
and velocity, while the slave drive follows velocity setpoints 
from the master's position control loop [19], though recent 
approaches use data from both motor encoders [20]. Engelberth 
et al. reviewed control structures for preload induction [19]. 
Higher preload reduces maximum acceleration, but 
HEIDENHAIN's Motion-dependent Adaptation of Control 
parameters adjusts tensioning torque to enhance acceleration 
[21]. Verl et al. developed adaptive preload controls to increase 
energy efficiency [22], and Franco et al. [23] experimentally 
show the tool centre point dynamics variation for different 
preload values. Preload tuning lacks a clear guideline; Zirn 
suggests 10-30% of motor rated torque, while industrial 
standards favor 20-25% [18, 21]. Verl et al. found that a 4% 
preload adequately compensated for clearance [22]. This study 
examines how electronic preload affects static stiffness in a 
three-degree-of-freedom model validated with experimental 
data derived from a heavy-duty machine tool.

2. Feed drive model definition

Fig. 1.a shows the double pinion and rack feed drive model 
presented in this paper. The CNC generated trajectory (𝑥𝑥ref) is 
controlled by the proportional position control gain (𝐾𝐾v) which 
uses the driven load position, typically acquired by a linear 
encoder (𝑥𝑥load). The velocity reference (𝑥̇𝑥ref) is controlled by 
the master-slave configuration where each motor has a 
proportional-integral ( 𝑃𝑃𝑃𝑃 ) controller utilizing the rotational 
velocity of each motor via rotary encoders (𝜑̇𝜑m and 𝜑̇𝜑s). The 
desired preload level can be modified by adjusting a parameter 
called torque bias or tension torque (𝜏𝜏p), defined as a percentage 
of the motor's rated torque. The torque equalization controller

(𝑃𝑃𝑃𝑃preload) generates additional speed setpoints for each motor, 
considering the desired torque preload. This control 
configuration allows the use of motors with different power 
ratings, providing individual weighting factors to adapt torque 
distribution (𝐾𝐾Tm and 𝐾𝐾Ts ). If both motors are identical, the 
load is shared proportionally by setting 𝐾𝐾Tm = 𝐾𝐾Ts = 0.5. The 
generated torque commands for master and slave are denoted 
as 𝜏𝜏m and 𝜏𝜏s , respectively. Additionally, external disturbance 
forces (𝐹𝐹load) can be directly applied to the load.

Power transmission requires low speed and high torque, 
necessitating additional gear steps. Planetary gearboxes, with
multiple teeth engagement, increase torsional stiffness [24]. 
Thus, each motor’s equivalent inertia can be computed via Eq. 
1, where motor, gearbox and pinion inertias are jointly 
considered. The reduction factor (𝑖𝑖red) of the gearbox must also 
be considered in this calculation.

𝐽𝐽eq = (𝐽𝐽motor + 𝐽𝐽gearbox) +
𝐽𝐽pinion

𝑖𝑖red
2 (1)

The stiffness of this feed drive mechanism is dominated by 
the torsional stiffness of the motor coupling ( 𝑘𝑘coupling ), 
installed gearbox (𝑘𝑘gearbox), shaft (𝑘𝑘shaft) as well as the contact 
stiffness of the pinion and rack combination (𝑘𝑘p−r) (Eq. 2, Fig. 
1.b). In the proposed model, each motor is coupled to the load 
by a series of spring elements (i.e. 𝑘𝑘m), which simplifies the 
intricate nonlinear behaviour of tooth mesh stiffness [25] by 
representing it as a constant value.

1
𝑘𝑘m

= 1
𝑘𝑘coupling

+ 1
𝑘𝑘gearbox

+ 1
𝑘𝑘shaft

+ 1
𝑘𝑘p−r

(2)

Fig. 1. (a) Proposed feed drive model; (b) Equivalent stiffness model.

The equivalent backlash in the power transmission path can 
arise from various sources, including motor-gearbox and 
pinion-rack joint interfaces, as well as accumulated clearances 
within the gearbox. This mechanical nonlinear behavior has 
been modeled using a dead zone approach [26]. 𝐿𝐿z,m and 
𝐿𝐿z,s are the equivalent backlash values, between load and motor 
positions (i.e. 𝑥𝑥load and 𝑥𝑥s).
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As a result of a commanded trajectory (𝑥𝑥ref), a reference 
torque (𝜏𝜏ref) is generated to achieve the desired displacement.
For standstill case, 𝜏𝜏ref = 0 Nm, the net torque (𝜏𝜏net) which is 
the sum of each motor’s torque, must be zero; otherwise, the 
machine will move (Eq. 3). Due to electronic preload, each 
motor at standstill generates the desired preload torque level 𝜏𝜏p. 
Within the interval −2𝜏𝜏p < 𝜏𝜏ref < 2𝜏𝜏p, both master and slave 
torque ( 𝜏𝜏m and 𝜏𝜏s ) have opposite polarities, meaning both 
pinions are on opposite flanks of the rack (Fig. 2 zone ). A 
reference torque outside this interval induces a flank change in 
one of the pinions, depending on the direction of movement. 
Therefore, in such cases, the torques of each motor have the 
same polarity. Eq. 4 indicates the maximum net torque 
( 𝜏𝜏net,max ) that can be obtained under preload conditions. 
Increasing the preload torque leads to a reduction in achievable 
acceleration. The inertias of the model have been obtained from 
suppliers’ catalogues and the pinion inertia has been neglected. 
The inertia of the axis-driven load has been obtained from the 
machine CAD drawing. The next section presents the 
identification of the equivalent joint stiffness for each motor as 
well as the equivalent backlash.

𝜏𝜏net = 𝜏𝜏m + 𝜏𝜏s , where

(3)
𝜏𝜏m = 𝜏𝜏ref

2 + 𝜏𝜏p

𝜏𝜏s = 𝜏𝜏ref
2 − 𝜏𝜏p

𝜏𝜏net,max = 2(𝜏𝜏m,max − 𝜏𝜏p) (4)

Fig. 2. Electronic preload for backlash suppression.

3. Experimental identification

To independently characterize each motor, the coupling 
between the master and slave motors must be removed. This 
involves modifying machine tool configuration parameters to 
close velocity and position loops with the encoder of the desired 
motor while disabling the other motor. The linear scale 
continues to monitor the load position for further analysis.

3.1. Joint equivalent stiffness

To perform a static stiffness analysis, the machine tool has 
been positioned at the initial travel distance. The force 𝐹𝐹load has 
been generated by imposing a stepped position trajectory 
through a CNC command while limiting the displacement 
against the mechanical rigid bumper (Fig. 3). A Kistler 9212
load cell has been placed between the carriage and the bumper, 
acquired by dSPACE MicroLabBox. The maximum 
experimental commanded displacement has been chosen to 
obtain a force level of around 10kN, which corresponds to 
approximately 300 µm for this tested machine (Fig. 3). The
displacements is acquired by the internal sensors through a 
dedicated software provided by the CNC manufacturer. As a 
result of the applied 𝐹𝐹load, the generated deformation between 
the motor rotary encoder (𝑥𝑥m,s) and load displacement acquired 
by the linear encoder (𝑥𝑥load) can be computed. An equivalent 
linear stiffness can be obtained, which considers all the 
transmission components within the force path (Eq. 2). The 
identification is done individually one motor at a time, by
breaking the master-slave coupling. Fig. 4.b shows the fitted 
equivalent stiffness on top of experimental results obtained 
from the test shown in Fig. 4.a, resulting in different values for 
each motor: 𝑘𝑘m = 81 N/µm and 𝑘𝑘s = 100 N/µm.

3.2. Joint backlash

To identify the existing equivalent backlash, the master-
slave coupling must be removed, operating each motor 
separately. No force load is applied, and a 1 mm back-and-forth 
movement is commanded. Fig. 4.c shows the position 
difference between each motor rotary encoder and load 
displacement (𝑥𝑥m,s and 𝑥𝑥load). Here, the identified equivalent 
backlash combines all sources of backlash within the 
transmission. While the contribution of each element is 
complex, the gearbox backlash can typically be estimated as 
0.04 of the tooth module [27]. The identified equivalent 
backlash for the master and slave motors are 314 and 363 µm 
respectively.

Fig. 3. Machine tool component description.

Using the experimentally determined stiffness and backlash, 
the electronically preloaded rack and pinion feed drive model 
shown in Fig. 1.a is validated in the next section.
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Fig. 4. Experimental identification of double pinion and rack feed drive model 
parameters.

4. Model validation

At the same location where the identification has been 
conducted, the machine control is returned to the original 
master-slave coupling configuration as shown in Fig. 1.a. With 
the machine load movement constrained, a CNC position 
command of 300 µm is commanded, resulting in approximately 
20kN of 𝐹𝐹load . Fig. 5.a compares the experimental and 
simulated results of a static stiffness test. Fig. 5.a shows the 
displacements ( 𝑥𝑥load , 𝑥𝑥s and 𝑥𝑥m ) during the loading and 
unloading stages. The load displacement closely matches the 
commanded value since the position loop is closed with this 
signal. However, this is not the case for the displacements of 
the motors. For the slave motor, the displacement reaches about
400 µm at maximum load, aligning with the simulated result. 
In contrast, the master motor displacement is significantly 
larger and shows a sharp jump when the rack and pinion 
contacts change from configuration  to  in Fig.2. The load 
force required for this configuration change depends on the 
commanded preload level. This effect can be explained by Fig. 
5.b, which shows the torque of each motor over time during the 
test. At a certain point, 𝐹𝐹load becomes large enough to 

counteract the commanded preload torque, causing the torque 
in one motor to drop to zero, and the electronic preload is lost. 
As the force continues to increase, the pinion rotates and 
engages with a different flank of the rack, depending on the load 
direction. This transition between configurations ( with  or 
) causes the master motor encoder to detect more 
displacement than the slave motor encoder, as shown in Fig. 
5.a. This change in polarity is also reflected in the measured 
torques (Fig. 5.b).

Fig. 5. Proposed model validation.
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Four different preload levels (𝜏𝜏p = 4, 10, 20 and 25 %) have 
been tested to analyze this effect. Both experimental and 
simulated results show that the point at which preload is lost 
varies with the commanded preload level. Fig. 5.c illustrates the 
relative displacement of the master motor for these preload 
levels, based on data from Fig. 5.a. A significant increase in the 
force level causing pinion contact loss is observed between the 
4% preload and the higher levels, ranging from 1100 N to 5300 
N or 6600 N. As the load increases, the pinion teeth re-engage, 
and linear behavior is restored until the maximum tested force 
is reached. There is a noticeable reciprocity between the load 
and unload stages. The relative displacement between the 
points of contact loss and recovery is determined by the 
backlash value (Fig. 5.c).

As a coupled system, the slave motor is also affected by 
preload loss, showing a 5 µm change in relative displacement 
(Fig. 5.d). This indicates that when preload is lost, the entire 
𝐹𝐹load is transmitted through the slave motor, reducing stiffness 
and causing the observed over-displacement.

4.1. Equivalent stiffness variation analysis

From the relative displacements shown in Fig. 5.c&d, the 
equivalent stiffness variation is calculated using Eq. 5 
(applicable to both 𝑘𝑘m and 𝑘𝑘s ). It is assumed that 𝐹𝐹load is 
evenly distributed between the two motors under full contact 
conditions. However, the pinion-rack contact condition (𝑘𝑘p−r)
during characterization can affect the calculated stiffness values 
(𝑘𝑘m and 𝑘𝑘𝑠𝑠 ). According to the DIN ISO 6336 standard, the 
equivalent mesh stiffness is influenced by the teeth in mesh and 
contact ratio. To analyze variability caused by contact ratio 
changes, two bounds have been established.

𝑘𝑘m,s = ∆𝐹𝐹Load
∆𝛿𝛿m,s

= 0.5(𝐹𝐹Load(𝑡𝑡 + 1) − 𝐹𝐹Load(𝑡𝑡))
𝛿𝛿m,s(𝑡𝑡 + 1) − 𝛿𝛿m,s(𝑡𝑡) (5)

Fig. 6. a) Master; b) Slave motor static stiffness variations.

The lower bound assumes a single pair of teeth in mesh, 
while the upper bound considers two pairs, resulting in 
equivalent mesh stiffnesses ranging from 550 to 962 N/µm. 
Adding these bounds to the total equivalent stiffness (Eq. 2) 
shows a variation of 7.4% for the master motor and 9.5% for 
the slave, as shaded in Fig. 6.a&b. Fig. 6.a shows the master 
motor's stiffness variation under a 25% preload. As 𝐹𝐹load
increases, the stiffness initially drops to 0 N/µm but eventually 
converges to 81 N/µm. The unload phase follows a similar 
trend. The simulated behavior aligns with experimental results. 
For the slave motor at a 25% preload (Fig. 6.b), initial stiffness 
is around 100 N/µm. Due to contact loss in the master motor, 
stiffness drops by half as the slave motor alone bears the full 
load. When contact is regained, a high stiffness transient zone 
occurs before converging back to approximately 100 N/µm. 
Torque distribution between master and slave motors varies 
(Fig. 5.b), impacting preload loss force predictions when one 
motor's torque reaches zero. Although experimental backlash 
may differ slightly from the dead zone model, the proposed rack 
and pinion feed drive system accurately reflects experimental 
findings.

4.2. Static stiffness analysis at the machine ram

The identified effect occurs not only when force is applied 
at the column but also near the cutting point, such as the 
machine ram. To prevent damage, the maximum load force has 
been reduced to 10 kN. Fig. 7 shows various experimental 
measurements of relative displacements. For the master and 
slave motors, relative displacement is calculated between each 
motor's encoder and the linear encoder. For the ram, it is 
calculated between the linear encoder and the displacement 
measured by an inductive sensor (IWRM 04U9701). The ram 
tip stiffness is relatively linear with force level and is unaffected 
by the rack and pinion preload.

Fig. 7. Experimental ram, master and slave motors static stiffness response.
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Since the position loop is closed with the linear encoder, the 
backlash effect is minimized and mainly appears at the feed 
drive level. However, axis clearance affects the linearity of the 
feed drive mechanism and may increase tracking or following 
errors. By considering the commissioned preload level and the 
linear-rotary conversion factor (𝐾𝐾𝐾𝐾𝐾𝐾), the expected load force at 
which preload is lost can be identified. Within the identified 
bounds, preload presence ensures linearity. The three cases 
analyzed show a similar pattern, with differences primarily at 
the preload loss point, ranging from ±1050 N to ±5300 N.

5. Conclusions

This paper analyzed the influence of commanded preload 
amplitude on the static stiffness of an electronically preloaded 
double pinion and rack feed drive system. The research shows
that the transition of the pinion flank due to existing backlash,
resulting from a static disturbance, cannot be ignored. 
Specifically, variations in the commanded preload level 
influence both the machine's acceleration capabilities and the 
nonlinear behavior of the stiffness. The proposed model 
effectively predicts the experimental trends, indicating that 
increasing electronic preload does not result in higher stiffness 
values for either the master or slave motors. For instance, at a 
preload of 25%, the identified stiffness for the master motor 
varies from 0 N/µm to approximately 81 N/µm, while for the 
slave motor, it ranges from 100 N/µm to half of that value 
during contact loss.

Even though backlash-induced nonlinearity is limited near 
the cutting point (i.e. the machine tool ram), there are other 
major concerns that should be addressed. First, having one of 
the two pinions disengaged increases operational and control 
uncertainty. It also modifies the feed drive system equivalent 
stiffness up to 50% (as indicated in Fig. 6), as the entire force 
is transmitted through a single contact point. Secondly, speed 
or rate at which this contact loss occurs is crucial, as it can act 
as an excitation source, potentially inducing vibratory behavior. 
Additionally, in heavy-duty roughing operations, the combined 
static and dynamic cutting forces can create perturbations at the 
machine feed drive level. When these perturbations interact 
with the contact loss uncertainty, stiffness variations and feed 
drive controller effect, they can lead to undesirable effects. To 
mitigate these issues, maintaining a relatively high preload 
value (such as 20%, where the contact loss begins at 5300N) 
can help in reducing the occurrence of such problems by 
granting feed drive stiffness linearity.

Further work will deal with the integration of machine tool 
Finite Element model dynamics with the feed drive model and 
the addition of complete nonlinear mesh stiffness
characteristics.
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