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COMPLIANT JOINTS FOR THE IMPROVEMENT OF THE DYNAMIC 

BEHAVIOUR OF A GANTRY STAGE WITH DIRECT DRIVES 

Gantry stages, which consist of two parallel acting servo drives, are commonly used in machine tools. One 

drawback of this concept is the crosstalk between both drives due to the structural coupling that can cause 

stability issues and therefore limits the bandwidth of the position control. This paper deals with the development 

of compliant joints to solve the coupling between the drives. When compared to solutions containing bearings, 

the advantages of such flexible elements are low friction and the absence of backlash. To adjust the properties  

of the joints, packages of spring-steel-sheets are used as compliant links. One design aspect of the flexible joints 

is a low stiffness relating to the rotation around one specific axis, but a high stiffness relating to the other degrees 

of freedom. With this method, the dynamic behaviour of the gantry stage is modified and the bandwidth of the 

controllers can be increased. Additionally, by releasing the mechanical coupling of the drives, the reaction forces 

the actuators have to provide can be reduced. Both systems with flexible and with rigid connecting elements, are 

analysed by measured frequency response functions. 

1. INTRODUCTION 

Compliant joints are a well established alternative to common roller bearings or linear 

guides when only small rotations or linear movements are required. The main advantages 

are not only the low friction and the absence of backlash, but also their compact design. 

With these benefits, many different applications have been developed. Compliant 

mechanisms are frequently used for microelectromechanical systems (MEMS) in actuators 

and sensors, as shown in [1]. The application of a miniature gripper for cell manipulation 

and bulk stiffness estimation described in [2] or a crash sensor that is based on a compliant 

bistable mechanism [3] are such examples.  
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Another field of application is the design of high-precision positioning stages. There 

are examples with one and two degrees of freedom (DoF) (see e.g. [4], [5]) or even six DoF 

movability [6]. Mechanisms with three DoF for planar movement (XYθ, see e.g. [7]) and 

three translational DoF (XYZ) are investigated in [8] or [9]. In these studies, both serial [4], 

[8] and parallel [5–7], [9] mechanism structures are designed and piezoelectric actuators are 

often used. Other applications are for example clamping mechanisms for tool holders [10] 

or part assembling and insertion units [11]. 

This work focuses on a gantry stage with two parallel acting direct drives. This is  

a common concept in machine tool design since high accelerations can be achieved as well 

as a split of the loads and, therefore, reduced local actuator forces. Nevertheless, if the 

mechanical coupling between the drives cannot be neglected, challenges for the control 

design will arise. Challenges might be stability issues, caused by the interaction between the 

drives. In the event of a very stiff mechanical coupling, an equal split of the actuator forces 

is not guaranteed, and the full power capability of each drive will not be reached.  

The replacement of the classical master-master-controller by concepts that consider the 

interaction between the drives is a common approach to tackle these issues [12]. State space 

approaches, sliding mode controllers [13] or modal decoupling [14] are some examples  

of this group. An important requirement of these strategies is the exchange of information 

between the different drives with short cycle times and low delay to achieve a high 

bandwidth of the closed loop. However, independent control loops (master-master) are  

the most common solution in industrial applications. The direct integration of the controller-

functionality in the inverter, results in quick signal processing. 

In this paper, the conventional master-master-controller, with cascaded velocity – and 

position controllers, is used to control the gantry stage with two linear motors.  

The integration of flexible joint-elements resolves the mechanical coupling of the drives. 

First, the test bed is described in Section 2, followed by the design of the compliant 

elements in Section 3. A disadvantage of compliant mechanisms is a high stress 

concentration and a reduced lifetime [15]. To deal with this challenge, spring steel sheets 

are used as elastic links, which enable the modification of the properties of the joints by 

replacing the sheets. The effect of this design approach on the dynamic behaviour and the 

performance of the control loop is investigated by measured frequency response functions 

(FRF) in Section 4. In previous work, numeric analyses have revealed an improvement  

of the controller bandwidth by using compliant joints [16]. The aim of this work is to verify 

these results experimentally.  

2. DESCRIPTION OF THE TEST BED 

Figure 1 pictures the whole test rig with two independent gantry stages, which has 

already been introduced in previous contributions (e.g. [17]). The moving part of each stage 

consists of three main parts: two separate drive units at both sides left and right, and  

a bridge plate in between. Each drive unit is driven by a linear motor (Tecnotion UXX6N) 

with fixed permanent magnets (magnet yokes) and is guided by two carriages, mounted on 

the guiding rail. The guide rails have a cross-axial distance of 770 mm. Two absolute linear 
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measurement systems (Heidenhain LIC4117) determine the positions of each drive unit with 

an accuracy of ±5 µm and a resolution of 1 nm. In this configuration, rigid coupling 

elements connect the bridge to the drive units. These are replaced by the compliant 

elements, which will be described in the next section. The bridge, the connecting elements 

and the drive units are mainly made from aluminium. The moving stages have a total weight 

of 29.4 kg each. Only one of the gantry stages is used in the following investigations. 

 

Fig. 1. Test bed with two linear motor driven gantry stages 

3. DESIGN OF THE FLEXIBLE JOINTS 

3.1. DESIGN PRINCIPLES 

With the large number of applications for compliant joints and mechanisms, many 

different design techniques have been established. Howell [18] gives an overview of the 

most used concepts. One example is the idea of using an existing rigid-body mechanism and 

replacing the joints by compliant links. This provides the opportunity to use methods for  

the synthesis and analysis of rigid mechanisms, which are well known in the literature.  

The compliant links are often created by manufacturing notches in the rigid mechanical 

structure of the compliant joint. These notches can have different shapes like circles  

(see e.g. [5], [7]), ellipses and others [19]. Topology optimisation, by contrast, is a method 

to find a solution by numerical calculation. An example is given in [15], where the maximal 

geometric area and the boundary conditions of the mechanism are defined in the first step. 

This area is filled with an array of nodes that are connected to each other with bundles  

of beams. An optimisation algorithm reduces the number of connectors using a suitable 

objective function and the mechanism is generated automatically. However, since a lot  

of investigations and examples concerning the design of flexible joints had already been 

made, the selection and modification of an existing solution is an efficient way to design  

a flexible mechanism for a specific task. In each case, the consideration of different design 

concepts is important, because the decision about which method to use is an important 

design-aspect and a combination is possible as well [18].  
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Hopkins and Culpepper introduce the approach of Freedom and Constraint Topology 

(FACT), which is a general approach to synthesise compliant constraints for a permissible 

motion as well as to analyse the DoFs of a given system [20]. This method is based on sets 

of constraint lines, which build the constraint space and sets of freedom lines, and which 

build the freedom space. A main principle of this method is the direct relationship between 

these spaces. To design a compliant concept for a given problem, the desired motion and the 

freedom space of the system are defined in the first step. Then the space of all possible 

constraints is mapped on this freedom space. A set of constraint lines can be chosen, 

whereby each non-redundant constraint removes one DoF from the system. Additional 

redundant lines can be chosen as well to optimise parameters such as stiffness, load capacity 

or symmetry. 

3.2. DESIGN OF THE COMPLIANT JOINTS 

The main objective of the compliant joints is to generate an additional degree  

of freedom for small rotations θ of the stage around the vertical Z-axis by positioning  

the drive units with a relative displacement 𝑦rel. The idea is to replace the rigid connection 

elements (Fig. 2a) by rotational joints, which is displayed in Fig. 2b as a rigid-body model. 

The available space for the joints is limited to a cuboid with a length of 260 mm Y, a width 

of 55 mm X and a height of 58 mm Z. Figure 2 shows the rotational axis (freedom space) 

and a selection of planes that represent constraints (constraint space) between the drive units 

and the bridge plate at one side of the stage [20]. A set of these planes is chosen and 

replaced by flexible links. 

 

Fig. 2. Concept of the joint design 
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Figure 3 illustrates the structure of the designed joint. It consists of two connection 

plates for the attachment to the drive unit and the bridge as well as a couple of clamping 

blocks to hold the flexible links. One main advantage of this concept is that the parts can be 

fixed in different arrangements and, therefore, parameters like the length (see Fig. 3c) or 

thickness of the spring steel sheets can be varied and evaluated. The steel sheets are placed 

parallel to the Y-Z-plane A, C and the X-Z-plane B which results in high stiffness in the  

X- and Y-direction. The parts are clamped together with numerous screws to achieve a high 

contact ratio and stiffness (see Fig. 3a). 

 

Fig. 3. Joints for the experimental investigation 

Instead of single sheets, packages of multiple thin sheets can be used as well. In  

the case of the links parallel to the Y-Z-plane A, C, packaging multiple thin sheets leads to  

a reduced overall rotational joint stiffness about the Z-axis compared to the use of single 

sheets with the same thickness as the package. This is due to reduced translational stiffness 

of a package compared with a single steel sheet, since the links A and C mainly experience 

a displacement, rather than a rotation. The stiffness in Y-direction does not change 

significantly, because the cross section of the link does not change. Table 1 lists the 

dimensions and the number of sheets of the flexible links for the investigated configu-

rations, where the same length and thickness of the links are used. The first configuration 

consists of one single sheet in the links A and C whereas the second one consists of ten thin 

sheets. In both cases, the configuration with short links A and C (see Fig. 3c, left) with  

a free bending length of 11.0 mm is used. 

Table 1. Dimensions of the flexible links 

Link 

configuration 
Flexible link 

Number of 

sheets 

Thickness per 

sheet 

Total 

thickness 
Free length Height (Z) 

1 – one sheet 
B 1 1.0 mm 1.0 mm 3.0 mm 58.0 mm 

A, C 1 2.0 mm 2.0 mm 11.0 mm 58.0 mm 

2 – package 
B 1 1.0 mm 1.0 mm 3.0 mm 58.0 mm 

A, C 10 0.2 mm 2.0 mm 11.0 mm 58.0 mm 
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The mechanical structure of the joints is modelled with the FE-software ANSYS. 

Fig. 4 shows the meshed structure of one joint element as well as one single sheet, where 

hexahedrons are used for all elements. When modelling the steel-sheet-packages, it has to 

be taken into account whether a section is clamped or is able to bend freely. In the free part 

of the sheets, no contact relation is appended between nearby surfaces. 

 

Fig. 4. FE-model of the joint element (left) and a single sheet (right) 

The FE model of the full gantry stage includes two of the coupling elements as well as 

models of the drive units and the bridge plate. Linear springs are integrated to consider  

the coupling between the carriages and the guide rails. The stiffness of the springs is 

adjusted to get a high similarity to the dynamic behavior of the real stage, which is 

described in the next section. A modal analysis is carried out for each of the configura-

tions 0 with stiff coupling elements as well as 1 and 2 with the joints. This shows that  

the system dynamic range is mainly dominated by the rigid body movement of the full stage 

as well as the first eigenmode that represents the rotation of the bridge around the Z-axis. 

Fig. 5 (left) shows the shape of the second mode for configuration 2. The next mode shape 

that has notable influence on the dynamics of the stage is displayed as well. Table 2 lists  

the eigen-frequencies of these modes. Since the shapes are different for all configurations 

(especially configuration 0), the modes with the best conformity are considered. In the case 

of the rigid configuration 0, the second mode is mainly influenced by the stiffness of the 

carriages. This frequency is reduced significantly with the use of compliant elements since 

rotation of the bridge relative to the drive units is enabled. 

 

Fig. 5. Second and third mode shape of the gantry stage for configuration 2 calculated with the FE-model 
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The analyses show that other frequencies (e.g. mode 3) are reduced as well. This has to 

be considered in any further investigations. However, the frequency response measurements 

in the following section show that the resonance peaks of configuration 1 and 2 are small in 

the frequency range of the simulated third modes (500 Hz – 700 Hz). 

Table 2. Eigenfrequencies of the first eigenmodes of the FE-model of the gantry stage 

Configuration 1st Mode 2nd Mode 3rd Mode 

0 – rigid 0 Hz 168 Hz 1215 Hz 

1 – one sheet 0 Hz 65 Hz 615 Hz 

2 – package 0 Hz 15 Hz 567 Hz 

4. EXPERIMENTAL INVESTIGATIONS 

The main aspect of this study is to examine the influence of compliant joint elements 

in comparison to a rigid attachment of the stage bridge plate. The following sections deal 

with the performance of the cascaded velocity and position control. The results are based on 

frequency response function (FRF) measurement of the closed loop system.  

4.1. SYSTEM IDENTIFICATION 

With the two forces 𝑓1 and 𝑓2 of the direct drives and the two velocity values 𝑣1 and 

𝑣2, the gantry stage can be described by a matrix 𝑮(j𝜔) consisting of four FRFs: 

(
𝑣1(j𝜔)

𝑣2(j𝜔)
)

⏟      
𝒗(j𝜔)

= (
𝐺11(j𝜔) 𝐺12(j𝜔)

𝐺21(j𝜔) 𝐺22(j𝜔)
)

⏟            
𝑮(j𝜔)

∙ (
𝑓1(j𝜔)

𝑓2(j𝜔)
)

⏟    
𝒇(j𝜔)

, (1) 

where 𝑣1 and 𝑣2 are the time derivatives of the linear encoder signals 𝑦1 and 𝑦2. To 

determine the entries of 𝑮(j𝜔), the system is excited with pseudo random binary sequence 

PRBS signals. The resulting displacement-response is measured at both sides and the FRFs 

are calculated subsequently. To avoid issues arising from the static friction of the guiding 

system, a low bandwidth motion controller keeps the stage in continuous motion. It need to 

be noted that the forces that act on the system are not measured directly. The given values in 

this and the following sections are calculated from the electric current by consideration  

of the force constant of the drives of 124 N/A. Figure 6 depicts 𝐺11(j𝜔) (left) and 𝐺21(j𝜔) 
(right) for configuration 0 with rigid elements as well as configuration 1 and 2 with 

compliant joints. Since the system is symmetric, 𝐺22(j𝜔) is almost equal to 𝐺11(j𝜔) and 

𝐺12(j𝜔) is almost equal to 𝐺21(j𝜔) and their depiction is omitted as a consequence.  

The amplitudes of 𝐺11(j𝜔) and 𝐺21(j𝜔) of configuration 0 are dominated by a straight 

line with a negative slope of 10 (m/s)/N per decade which corresponds to the rigid body 
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motion of the stage for low frequencies. Replacing the rigid connecting elements with 

flexible joints leads to a reduction of the first eigenfrequency (see also Fig. 5 and Table 2), 

depending on the reduced torsional stiffness of the element.  

 

Fig. 6. FRFs of the open loop system 

4.2. REACTION FORCES 

One drawback of a stiffly coupled gantry stage is the high reaction forces to the drives 

and the guiding elements arising from small geometric inaccuracies. These lead to a reduced 

lifetime of the components as well as high actuator forces and power consumption.  

The inverse matrix of 1 (j𝜔)⁄ ∙ 𝑮(j𝜔) (see Section 4.1) gives the relation between 

displacements and the resulting forces in the frequency domain: 

(
𝑓1(j𝜔)

𝑓2(j𝜔)
) = (1 (j𝜔)⁄ ∙ 𝑮(j𝜔))

−𝟏
∙ (
𝑦1(j𝜔)

𝑦2(j𝜔)
) = 𝑮∗(j𝜔) ∙ (

𝑦1(j𝜔)

𝑦2(j𝜔)
). (2) 

The actuator forces arising with a relative displacement 𝑦rel(j𝜔) = 𝑦1(j𝜔) − 𝑦2(j𝜔) 
between the drives are calculated from the differences between the elements of 𝑮∗(j𝜔): 

𝑓1(j𝜔) 𝑦rel(j𝜔)⁄ = (𝐺11
∗ (j𝜔) − 𝐺12

∗ (j𝜔)), (3) 

𝑓2(j𝜔) 𝑦rel(j𝜔)⁄ = (𝐺21
∗ (j𝜔) − 𝐺22

∗ (j𝜔)). (4) 

The magnitude of the function 𝑓1(j𝜔) 𝑦rel(j𝜔)⁄  is calculated for the three 

configurations and displayed in Fig. 7. The curves converge to horizontal lines for low 
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frequencies. The level of these lines represents the static stiffness for the relative 

displacement. This value is reduced significantly when replacing the rigid configuration 0 

by configuration 1 and even more for configuration 2 using packaged spring steel sheets. 

 

Fig. 7. Actuator reaction forces 𝑓1(j𝜔) plotted over 𝑦rel(j𝜔) 

4.3. CONTROL 

The control of each drive is performed independently (master-master-control) by 

cascaded velocity (PI) and position (P) controllers, which are commonly used in industrial 

feed-drive applications. The controller gains of both drives are set to the same values in 

each case. The behaviour of the velocity controller is analysed in the first step. The velocity 

controller R is defined by: 

𝑹 = (
𝑅11 0
0 𝑅22

) ,where 𝑅11 = 𝑅22 = 𝐾P (1 +
1

𝑇N∙𝑠
) . (5) 

To obtain a valid comparison of the closed-loop-performance between the different 

configurations, the parameters of the control-loops are tuned with the same procedure.  

The gain of the velocity controller KP is raised up to the critical value (integrator is not 

active), where the closed loop starts to oscillate. The critical gain-value is divided by two 

and the time constant TN is set to 10 ms in each case. The gains found for configuration  

0, 1 and 2 are given in Table 3 and are called setups 0, 1b and 2b here. The controller setups 

1a and 2a for the configurations 1 and 2 use the same values that are found for configuration 

0. To have a closer look at the stability margins of the velocity controller, the open loop is 

analysed with the Nyquist criterion. Since the plant is a multivariable system, the 

eigenvalues 𝜆1(j𝜔) and 𝜆2(j𝜔) of the open loop matrix GR are considered [21]. These are 

displayed in Fig. 8 as functions of frequency. Since the controller function is equal for each 

drive, the gain KP works as a scalar factor on the open loop and its eigenvalues. The critical 

gain is reached, when the magnitude of one of the eigenfunctions is equal to 1.0 with  

a phase value of -180°, which occur in a frequency range from 239 Hz to 269 Hz in 𝜆1 for 

each of the controller setups. The gain margins of the velocity controllers are given in 
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Table 3 as well. On the one hand, the use of compliant joints (setup 1a and 2a) results in 

significantly higher gain margins, when the same parameters are used as the rigid system 

(setup 0). On the other hand, it is possible to use higher gains and keep an acceptable gain 

margin (see set. 1b and 2b). This is mainly caused by the overshoot in the magnitude at the 

first eigenfrequency of the rigid system (configuration 0), which reduces the achievable gain 

margin (see Fig. 8, 𝜆1). The integration of the flexible joints shifts the first eigenmode to 

lower frequencies, where a higher phase margin is present. 

 

Fig. 8. Eigenfunctions 𝜆1(j𝜔) and 𝜆2(j𝜔) of the open loop matrix 𝑮𝑹 of the velocity control 

 

Fig. 9. Sensitivity functions of the closed velocity control loop 

Fig. 9 depicts the sensitivity matrix 𝑺(j𝜔) that describes the response of the system to 

a noise signal at the output: 

𝑺 = (𝐈 + 𝑮𝑹)−1 ,  (6) 
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where 𝐈 is the identity matrix. To achieve a low amplification of the disturbances at  

the output, the magnitudes of the entries of 𝑺(j𝜔) are required to be small. The controller 

setup 0 for the rigid system shows an overshoot in 𝑆11(j𝜔) and 𝑆21(j𝜔) at about 250 Hz, 

which is not present in setup 1a and 2a where the same gains are used for the flexible 

systems. When the gains are raised up (setup 1b and 2b) the magnitudes get smaller for low 

frequencies but the maximum values between 100 Hz and 250 Hz in 𝑆11(j𝜔) rise. The 

response functions of the system to a disturbance signal at the input 

 𝑮d = (𝐈 + 𝑮𝑹)
−1𝑮 ,  (7) 

are printed in Fig. 10 where the flexible joints reduce the magnitude of 𝐺d,11(j𝜔) over  

a wide range of frequencies and particularly for higher gains. 

 

Fig. 10. Disturbance behaviour of the closed velocity control loop 

Finally, the closed loop response functions are shown in Fig. 11 for both closed 

velocity loop 𝐺cv(j𝜔) (left) and closed position loop 𝐺cp(j𝜔) (right). The setpoint values are 

given to both drives equally to achieve a translational motion. The gain KV of the position 

controller is raised up until the transfer function hits the 0 dB line with no overshoot (setup 

0, 1b and 2b). In setup 1a and 2a, the same values are used as for setup 0 and the results in 

Fig. 11 are nearly equal. Since the bandwidth of the velocity controller gets wider with 

higher gains, a wider bandwidth is also achieved in the overlaying position control loop. 

However, the difference between configuration 1 and 2 is negligible, for low gains (setup 1a 

and 2a) and high gains (setup 1b and 2b). This results from the fact that the magnitude  

of the eigenvalues at the critical frequency does not change significantly by shifting  

the eigenfrequency form 65 Hz down to 15 Hz (see Fig. 8). 

Table 3. Parameters of the velocity and position control 

Setup Configuration 
Velocity – PI Position – P 

KP in A/(m/s) TN in ms gain marg. 𝜆1 KV in 1/s 

0 0 – rigid 28.5 10.0 7.22 dB 108 

1a 1 – one sheet 28.5 10.0 11.96 dB 108 

1b 1 – one sheet 55.0 10.0 6.25 dB 190 

2a 2 – package 28.5 10.0 12.72 dB 108 

2b 2 – package 58.5 10.0 6.48 dB 200 
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It needs to be considered that this improvement is not always valid if a stiff structure is 

weakened. If higher eigenmodes are shifted to lower frequencies too, they may lead to 

stability issues as well. The advantage of the flexible joints is that only the first 

eigenfrequency is influenced significantly, since compliance is restricted to one DoF and 

stiffness concerning other DoFs is kept at a high value. 

 

Fig. 11. Frequency response of the closed velocity loop and the closed position loop 

5. SUMMARY 

This study describes the design of compliant elements implemented in a gantry stage 

equipped with two linear direct drives. The usage of link elements with thin, packaged 

spring-steel-sheets has the opportunity to adjust the stiffness properties of the joint by 

varying parameters like the number of steel sheets used in a layered flexible link. The aim is 

to design compliant hinges with a low rotational stiffness, but with high stiffness-values to 

other degrees of freedom. With the experimental identification of the FRF Matrix of the 

multivariable system, the improvement of the stability by the raise of the gain margin  

of the closed velocity loop is verified. Furthermore, it is possible to increase the gains of the 

velocity and position control and, therefore, increase the bandwidth of the closed loops.  

In addition, by releasing the mechanical coupling of the drives, the reaction forces  

the actuators have to provide can be reduced significantly. Thus, the forces that need to be 

withstood by the guides is reduced and the durability of the guides can probably be 

increased. 

Further investigations concerning the variation of parameters like length, thickness or 

the number of sheets enabling optimal joint design for various specific applications, will be 

subject to future research.  
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