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Abstract

This paper deals with the design, fabrication and test of a miniaturized flexure-based XYZ sensor for force sensing. 
The sensor is proposed for applications such as knot tying and suturing training, microassembly and 
micromachining force feedback. With a small form factor, this device fits in a cube of 1 in side and has a force 
sensing range of 2N in the negative and positive directions. The design consists of a compact nested structure that
integrates steel-inserts, aluminum stiffening elements and 3D-printed components in a manufacturing architecture 
that simplifies the otherwise complex construction of the device. A knot-tying test shows the capabilities of this 
system to quantify the magnitude of the forces as well as provide information on the quality of the motion generated.
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1. Introduction
Knot -tying and suturing are fundamental skills 

that require a level of coordination used by surgeons 
and other medical professionals. Traditionally, these 
technical abilities are gained through practice during 
and after training. However, assessment of the quality 
of these tasks has always been subjective. Innovation 
in the knot-tying area is crucial to reduce training times 
and achieve higher knot quality as it is known that the 
improperly tied knots can cause tissue damage and 
other expensive complications. 

Currently, training is completed on a mechanical 
tie board [1], measuring the tension in the threads or 
assessing the forces and opening angle in the surgical 
forceps by mounting strain gauges and optical sensors
[2]. This is valid to find maximum allowed forces
(usually between 0.3N and 2.5 N). However, they lack
of information about the directionality of the forces. 
This is of particular importance when using the quality 
of the motion as evaluation criteria. Alternative
approaches include the creation of suture training 
platforms by embedding photo interrupter sensors into 
artificial skins [3] [4] and the use of computer graphics 
and virtual reality [5].

Spring-based force sensors and mechanism with 
optical sensing have been demonstrated to measure 
the forces and displacements applied on artificial 
tissue by surgical instruments in two [6] and three 
degrees-of-freedom (DOF) [7]. The forces required to 
move this stages along the DOF depends on the 
adjustable stiffness of this structures. Unfortunately,
this designs have large footprints making it difficult to 
mount them in training setups that resemble the 
suturing environments. 

This paper describes the development of a 
flexure-based xyz-force sensor, with a force detection 
range of 2000 mN and proposed for surgery training.
This electromechanical system fits in a cube of one 
inch on the side and is used to read the forces involved 
in the suturing process or any other microassembly 
task. This device has the advantage of capturing the 
directionality and time-evolution of the forces during 

the test. The design of the sensor incorporates a 
nested structure to achieve spatial translations, is 
compact, sensitive, and easily embeddable in different 
environments without perturbing the measurements.
Further, its fabrication combines metallic inserts of 
simple geometries that are produced with 2D 
manufacturing techniques with 3D printed components 
of complex geometries, thus, combining the rapid and 
affordable customization of the 3D-printed parts with 
the higher mechanical properties of metallic inserts.
The design theory and fabrication of the sensor are 
discussed first, followed by the experimental load-
voltage calibration of the device with the help of an 
embedded kinematic mount. Finally, knot-tying test is 
presented to show the sensor performance in knot-
tying arena.

2. Kinematic scheme and design
The kinematic scheme for the flexure-based XYZ 

sensor consists of a compact nested structure

Fig. 1. Sensor nested structure. The Z- stage (a) 
carries the Y-stage (b) which, in turn, carries the X-

stage (c). (d) Completed sensor
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resulting from integrating the X–stage into the Y-stage 
that is, at the same time, embedded into the outer-
most Z stage. Figure 1 shows the detailed design of 
the sensor. Figs 1(a) - 1(c) show the sequential 
assembly of the stages while Fig. 1(d) shows the final 
design of the sensor. Each of the stages is composed 
by a set of leaf-springs arranged into parallelogram 4-
bar mechanisms that are designed in such a manner 
that that their connector undergoes pure translation. 
Initially, each stage moves in a direction that is 
orthogonal to the others. The sensing mechanism 
consists of strain gauges mounted on the flexures of 
each stage. The gauges relate the forces applied to 
stages to the deflection in the leaf springs.  

The sensor operates under a pure translational 
scheme and relies on the principle that a force acting 
on the moving plate can be decomposed into a unique 
combination of motions of the stages. Each stage 
consists of a beam-type translational joint with multiple 
flexures. The beam-type translational joint constraints 
the extra degrees-of-freedom by the parallel 
arrangement of two or four identical beams that form 
an equivalent four-bar mechanism. The parallel four-
bar mechanism allows pure translational motion on a 
curvilinear trajectory.  In this architecture, the Z-stage 
is a four-beam flexure-type translational joint while the 
X and Y stages are two-beam type translational joints. 
This consideration facilitates the nesting of the Y and 
X axes into the Z-axis. The form-factor of our design 
was conceived by dividing the shell of a cube into 
identical L-shape brackets and interconnecting them 
via flexural springs. The end-effector and the moving 
plate are the result of further splitting one of the L-
shape parts into two perpendicular plates.  

The XYZ-force sensor was designed to measure 
forces in the ranges of the stitching and suturing 
processes (between -2N and 2N). This translates to 
the problem of finding leaf-spring dimensions where 
these forces produce elastic strains. The material for 
the leaf springs is spring steel and the flexures of each 
stage are designed to have the similar combined 
static-stiffness. This is achieved by adjusting the width 
and the thickness of the flexures of the individual 
stages. The stiffness of a clamped-clamped beam 
along the direction of motion Kd and the lateral 
direction Kl can be expressed, from elementary beam 
theory, as: 
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where E is the elastic module of steel (200 Gpa), L is 
the length of the flexures, h is the thickness 
(commercial thickness of spring-steel sheet stock) and 

w is the width. The chosen dimensions for the leaf-
springs and their stiffness properties are listed in table 
1. Even though all stages have comparable stiffness 
along their direction of motion, their dynamic 
responses are different because they carry different 
masses. Particularly, the Z-axis carries both the X and 
Y-stages and thus, its natural response is slower. The 
same applies for the Y-stage relative to the X-stage. 
Table 1, also lists the values of the maximum 
displacement of each stage δmac. This value, 
determines the gap required between the crossing 
leaf-springs of any pair of axes to avoid self-collision. 
Ideally, the separation between the leaf-springs of a 
single axis should be kept as large as possible to avoid 
unwanted rotations.  
 
3.  Fabrication 

The fabrication of the sensor is achieved by the 
integration of steel-spring inserts, aluminum stiffening 
elements and plastic clamping components, thus, 
combining the rapid and affordable customization of 
the plastic components with the higher mechanical 
properties of metallic inserts. Figure 2 shows the 
attachment of the leaf springs to the stiffening plates 
by means of 3D printed plastic clamps. This 
consideration permits to split the fabrication process in 
the 2D manufacture of simple geometries (leaf-springs 
and stiffening brackets and plates), and 3D printing of 
one-off complex geometries (the plastic clamps). 
The leaf-springs are manufactured by water-jet cutting 
of spring-steel that produced sharp contours and well 
defined clamping holes of 1mm diameter. To produce 
the L-brackets, an off-the-shelf aluminum profile was 
transversally cut into the different parts, each of them 
drilled with attachment holes. The L-brackets connect 
the different stages by twisting the direction of motion 
of the flexures and they provide structural stiffness to 
the sensor. Two extra-stiffening plates are cut: the 
fixed plate- which houses a kinematic mount for the 
attachment of the sensor- and the moving plate. An 
extra set of holes are threaded in the moving plate to 
mount spatialized training tools.  

The kinematic mount consists of a split groove 
kinematic coupling with 90˚ symmetry. Four spheres 

are attached to the fixed plate of the sensor providing 
the contact points of the mount. The sensor is locked 
in place to the mounting fixture by the action on 5 
neodymium magnets arranged in a cross-pattern 
between the corner spheres. The mounting fixture has 
a corresponding array of magnets and a set of four 
precision carbide V-Groove pads. The kinematic 
mount is particularly useful in providing repeatability 
and a mean to attach the sensor to the mounting 
fixture at different orientations needed for calibration.  
Finally, the plastic clamps are 3D printed in a Viper 
SLA system® with layer thickness of 25 μm. The 

 
Fig. 2. A computer rendered detailed view of the 

sensor 

Table 1 
Deflection data for beams under vertical loading 

 X- axis Y-axis Z-axis 
N˚ of 

flexures 2 2 4 

w 5.21 mm 5.21 mm 3.16 mm 
h 400 μm 400 μm 381 μm 
L 18 mm 18 mm 18 mm 
Kd 2.85 N/mm 2.85 N/mm 1.5 N/mm 
δmax 0.675mm 0.675 mm 0.7 mm 
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plastic clamps are printed with hexagonal holes to 
facilitate the assembly of the miniature nuts; they form 
the inner shell of the sensor by holding the flexure 
skeleton before the final assembly. Photographs of a 
completed sensor with the kinematic mount for 
calibration are shown in Fig. 3. 

A CAD model of the sensor was used to simulate 
the assembly sequence before the actual construction 
of the device thus preventing spatial inconsistencies. 
Figure 5 shows the three basic steps for the assembly 
of the axis: 1. Strain gauge attachment (Fig. 4(a)), 2. 
Placement of miniature nuts onto the plastic clamps for 
the attachment of the leaf springs and the stiffening 
plates (Fig. 4(b)) and 3.  Clamping and fastening of the 
leaf-springs and the stiffening plates (Fig. 4(c)).  
4.  Calibration and testing of the sensor 

To calibrate the force-voltage response of the 
sensor, each axis is loaded (in the positive and 
negative directions) while the voltage in all strain 
gauges is recorded. Using a kinematic mount 
facilitates to orient the sensor in different directions to 
load each of the axis- with laboratory weights- in the 
direction of gravity. Linear strain gauges SGT-2C/350-
TY11 from Omega are used to capture the strains near 
the fixed ends of the leaf-spring. The gauges are 
mount near one of the cantilever ends as shown in 
figure 4. (a).  The XYZ force sensor uses one strain-
gauge per axis connected in a quarter bridge 
configuration whose output voltage is amplified. The 
low-cost multifunction DAQ usb-6009 form National 
instruments is interfaced with LABVIEW for data 
acquisition.  

Figure 5 shows the force-voltage signal of each 
axis when the sensor is loaded in the X, Y and Z 
directions with the help of the kinematic mount. In this 
experiment, weights of 1 gram are used to 

incrementally load the device.  For instance, Figs. 5(a) 
and 5(b) show the voltage response of the sensor 
when loaded in X and the Y directions respectively. 
Both axes experience cross-talk with the Z-direction of 

 
Fig. 3. A Completed sensor (a) and sensor with kinematic mount for calibration (b). 

 
Fig. 4. A Completed sensor (a) and sensor with 

kinematic mount (b). 

 
Fig. 5 Force-voltage calibration of the sensor: the X-

axis (a), the Y-axis (b) and the Z-axis (c). 
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sensing. Figure 5. (c) shows that voltage response of 
the sensor when loaded in the Z-direction has 
negligible cross–talk with the other axes. This is 
expected as the Z-axis is the closest to the fixed plate 
in the nested structure and the forces are not 
transmitted through the other axes. Although the 
sensor experiences cross-talk, its voltage response is 
fairly linear for force ranges between -2N and 2N. A 
linear fit to the calibration data returned the following 
transformation between voltage output (V) and force 
input (N) in the sensor: 
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This mapping is used to calculate the forces in the 
sensor given the voltage-output reading.  

The sensor was tested by reading the 3D force 
generated when tying a knot between two threads 
attached to the moving plate. Because of the inability 
of the threads to work in compression, the knot was 
tied at a state of constant tension. In this test, the tying 
was confined to the XZ plane for the most part. Figure. 
6 shows the time evolution of the sensor output for one 
of the trials. Particularly, Fig. 6. (a) shows the knot 
tying forces in the sensor calculated with the help of 
Eq. (2). Alternatively, Figure. 6.(b) shows the 
corresponding spatial evolution of the force vector in 
the XZ plane. In this representation, the time-rate 
change of the force vector is proportional to the 
spacing between the points along the path. The 
experimental data reveals the shape of the motion at 
the moments of making the loops, tying and releasing 
the knot as the trajectory of the force vector relates to 
the geometry of the motion trough the stiffness of the 
sensor. The tying forces in this trial were below 100 

mN in both the X and the Y direction.  
5.  Conclusions 

This paper presents the design, manufacture and 
test of a flexure-based XYZ sensor developed for knot 
-tying and suturing training tasks. This solution is multi-
faceted in that it has strong potential to quantify the 
magnitude of the forces in a suturing trial as well as 
provide information on the quality of the motion 
generated. These combined capabilities can be used 
to evaluate and certifying the level of dexterity of the 
test taker. Future work includes the advancement of 
the manufacturing and reduction of assembly time. 
This could be done by developing manufacturing 
schemes where the strain gauges are in-situ fabricated 
onto the flexures or 2D origami approaches where the 
flexure skeleton of the device is cut in the plain and 
bend to its final 3D shape.  
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Fig.6 Knot-tying trial. Time evolution of the forces (a) 

and trajectory of the force in the XZ plane (b)   


