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Introduction

When the oral route cannot be used, peripheral venous catheter insertion (PVCI) is performed to administer intravenous therapy, e.g., medication and fluids. This medical procedure consists of five main phases: (1) palpation to locate the superficial vein to puncture, (2) disinfection of the area to puncture, (3) skin stretching to prevent the vein from rolling by applying a normal and tangential force, (4) skin and vein puncture, and (5) catheter placement followed by withdrawal of the needle [START_REF] Beecham | Peripheral Line Placement[END_REF].

Although PVCI is one of the most common procedures performed by healthcare professionals, it remains technically difficult. Studies indicated that the success rates ranged between 44% and 76.9% for young nurses and between 91% and 98% for nurses with more education and experience [START_REF] Frey | Success rates for peripheral i.v. insertion in a children's hospital. Financial implications[END_REF][START_REF] Palefski | The infusion nurse and patient complication rates of peripheral-short catheters. A prospective evaluation[END_REF][START_REF] Jacobson | Variables influencing intravenous catheter insertion difficulty and failure: an analysis of 339 intravenous catheter insertions[END_REF]. Medical simulators are commonly used by healthcare students during their training, before their first procedure on a real patient. However, the haptic feedback of current simulators remains vastly 2 different from the actual sensation of touch and perforation, reducing the immersivity of the simulation experience.

To design more realistic PVCI simulators, attention should be paid to reproducing the mechanical response of the forearm's skin and vein during in vivo PVCI. As mentioned previously, the two main loadings performed by the practitioner are palpation, which is comparable to an indentation test from a mechanical viewpoint, and perforation. Indentation tests reported in the literature indicated that multilayered and viscoelastic materials such as skin [START_REF] Dunn | Viscoelastic Behavior of Human Connective Tissues: Relative Contribution of Viscous and Elastic Components[END_REF] are significantly influenced by the observation scale [START_REF] Kuilenburg J Van, Masen | Contact modelling of human skin: What value to use for the modulus of elasticity?[END_REF] and the loading speed [START_REF] Fradet | Extraction des proprietes mecaniques locales d'un elastomere par nanoindentation : developpement des protocoles et application[END_REF]. Similarly, the force needed to puncture soft tissues depends on several parameters [START_REF] Shergold | Mechanisms of deep penetration of soft solids, with application to the injection and wounding of skin[END_REF], such as the penetrator geometry, tissue state, anatomical area, and loading parameters (velocity, angle insertion, level of pre-stretching of the tissue). Therefore, for evaluating the realism of potential synthetic surrogates for PVCI, the boundary conditions for in vivo PVCI must be quantified to experimentally reproduce the practitioner's gesture.

A literature review [START_REF] Okamura | Force modeling for needle insertion into soft tissue[END_REF] collected results from different studies all concerned with soft tissues perforation by a needle. The peak loads were given as well as an indication of the anatomical area, the perforator diameter, the insertion velocity and its angle. Among the cited papers, the work of Shergold and Fleck [START_REF] Zharov | Infrared imaging of subcutaneous veins[END_REF] can be highlighted in regard with our application. They performed perforation on in vivo human skin in the antebrachial area by driving a hand-operated instrument making a 90° angle with the forearm at 1 mm.s -1 . Okuno et al. [START_REF] Pailler-Mattei | In vivo skin biophysical behaviour and surface topography as a function of ageing[END_REF] is also of great interest since they developed an instrumented syringe, so that puncture of the in vivo superficial veins of the ventral forearm could be performed by a medical technician. Insertion velocity and angle were respectively estimated at 15 mm.s -1 and 15°, although no measurements were made. However, the tissues were probably solicited mechanically in the same way as they would be during a PVCI on a patient. Both of the mentioned studies reported rupture loads of either only skin or only vein which were respectively measured between 0.6 -0.8 N [START_REF] Zharov | Infrared imaging of subcutaneous veins[END_REF] and 0.14 -0.87 N [START_REF] Pailler-Mattei | In vivo skin biophysical behaviour and surface topography as a function of ageing[END_REF].

However, relying solely on rupture loads to mimic the sensation of perforation with tissue mimicking substitutes is probably not enough to get a realistic haptic feedback. Indeed, Okamura et al. [START_REF] Payne | Measurement of properties and function of skin[END_REF] stated that needle insertion is characterized by a summation of stiffness, friction and cutting forces. The stiffness force occurs before puncture, while friction and cutting forces occur after puncture. So, friction and cutting forces should also be considered. Yet, none of the aforementioned results obtained on in vivo ventral forearm were capable of decomposing the different loads applied on the needle during puncture, because only the insertion phase was recorded.

Here, an experimental setup was developed to record both the spatial coordinates and the load applied by the practitioner during palpation and perforation.

The remainder of this paper is organized as follows. First, the proposed method for capturing the gesture and load applied to the forearm during palpation and perforation is described. Second, kinematics and load measurements for each step of the medical procedure are reported. Finally, the results are compared with those reported in the literature, and recommendations are provided for future research.

Materials and methods

Volunteer panel

PVCI was performed on the ventral forearms of 31 healthy volunteers by an experienced nurse instructor (29 years of experience). The participants included 8 women and 11 men in the age range of 18-25 years and 11 women and 1 man in the age range of 60-75 years. Among them, three young and three elderly volunteers were obese. The age difference between the groups was selected according to the experience of the practitioner, who reported that the sensation of skin and vein puncture changes slightly at approximately 60 years of age. This study was approved by the research ethics committee "Comité de protection des personnes" of Ile-de-France V and the National Agency of Medicines Security under the reference number 2018-A02895-50.

Kinematics recording

The medical gesture was recorded by two high-speed cameras (FASTCAM SA3, Photron, Japan) at 125 frames per second. The self-adhesive targets located on the side of the palpating finger and an instrumented syringe were tracked using digital image correlation (DIC) software (VIC 3D® -Correlated Solution). The cameras were calibrated using a calibration chart and the DIC software before each day of testing.

Using the recorded coordinates, the displacement amplitude and instantaneous velocity of the palpating finger were determined, along with the needle insertion velocity during perforation. As palpation is a cyclical motion, the mean of the maximum displacement for each palpation motion was computed for each volunteer. The maximum displacement was determined by subtracting the initial contact position of the practitioner's finger on the volunteer's forearm from the position of the finger when it stopped pressing the forearm. The instantaneous velocity was calculated by dividing the position interval by the time for each frame of the video.

[INSERT FIGURE 1]

Figure 1: Explanatory scheme describing the projection of the instrumented syringe's targets on the forearm

An orthonormal plane called the "punctured plane" was constructed using self-adhesive targets taped in the vicinity of the punctured area. The insertion angle α was calculated by projecting the syringe vector (representing two targets on the instrumented syringe) onto the punctured plane. As the forearm is slightly curved, a bisector plane of unit normal vector was derived from two planes symmetrically opposed with respect to the proximal-distal axis of the forearm (Figure 1). was defined as a plane containing vectors and , and was defined as a plane containing vectors and . The unit normal vectors and were obtained by taking the cross product of the planes' guiding vectors. Then, the cross product and the scalar product of vectors and yielded the guiding vectors and of the bisector. Finally, the cross product of and yielded , thus enabling to derive Eq. 1:

= .
. Eq. 1

Palpation-load measurements

During the palpation of the ventral forearm to localize the vein to puncture, the load was measured using a 4.4-N flexible piezoresistive sensor (FlexiForce® A201-L, Mescan®) placed on the tip of the palpating finger (Figure 2.a).

[INSERT FIGURE 2]

Figure 2: a) Piezoresistive sensor placed on the palpating finger of the practitioner; b) sensitive area of the sensor surrounded by a semi-rigid silicone disk and a metallic puck

The sensor had a built-in sensitive area on which a semi-rigid silicone disk was placed to uniformly distribute the reaction force. Additionally, a metallic puck was fixed on the other side of the sensitive area to minimize the deformation of the fingertip during palpation (Figure 2.b). For each PVCI, the sensor was attached to the fingertip with double-sided adhesive tape and maintained by a medical glove. The double-sided tape was changed as soon as adhesion between the fingertip and the sensor became sub-optimal due to sebum secretion or sweat. The flexible sensor was then connected to a miniature WiFi transmitter to transfer data acquired at 200 Hz. This transmitter was fixed on the wrist of the practitioner by using a compression arm sleeve. The sensor was calibrated with different weights (50, 100, 200, and 300 g) before each half-day of testing to ensure a calibration score of R² > 0.95. Finally, the peak load was observed for each palpation motion for each volunteer (i) (Figure 3) to determine the average maximum palpation load (Eq. 2):

where represents the number of peak loads observed when palpation was performed on a volunteer, and ," represents the load for volunteer i and palpation j.

[INSERT FIGURE 3]

Figure 3: Typical palpation load (# $ %,& ) vs. time curve indicating each palpation load applied to the forearm of a volunteer

Puncture-load measurements

The skin and vein puncture loads were measured using an instrumented syringe specifically designed for this study (Figure 4). The device was composed of a 3D-printed casing, wherein a miniature 5-N load sensor was enclosed (LSB 200-5N, Andilog, France). A conical fitting was fixed to the sensor so that the catheter (20 Gauge, 20G) could be directly connected by wrapping its extremity with a finger cot to increase the friction. This allowed the device to maintain the needle and catheter assembly during its withdrawal while preventing blood from tainting the device. Sterile skin closure dressing strips were used to keep the needle and the catheter together and counter the influence of soft-tissue friction, which can withhold the catheter during withdrawal from the forearm Finally, the puncture loads and kinematics recordings were synchronized using a trigger switch connected to the cameras and the instrumented syringe.

[INSERT FIGURE 4]

Figure 4: a) Photograph and b) schematic of the instrumented syringe

As reported by [START_REF] Okamura | Force modeling for needle insertion into soft tissue[END_REF], the needle insertion force is the sum of the stiffness, friction, and cutting forces (Eq. 3 2). The stiffness force occurs before puncturing, and the friction and cutting forces occur after puncturing. Thus, we can expect various levels of these forces for layers of different materials, with the friction increasing as the needle passes through the materials.

To improve the accuracy of the force estimation, the vein depth can be estimated using the needle displacement (/ 0123 , / 4523 ) between the load peaks (Figure 5), which corresponds to skin and vein rupture, and the insertion angle α by employing basic trigonometry (Eq. 4).

[INSERT FIGURE 5]

Figure 5: Schematic of vein-depth computation: α represents the insertion angle, Uskin represents the needle position during contact with the skin, and Uvein represents the needle position during contact with the vein

Experiment

Prior to testing, the volunteers were informed about the purpose of the study; their written informed consent was obtained. Then, they were examined by a physician to check whether they met the inclusion/exclusion criteria. The inclusion criteria were as follows:

- -Medical history of fainting.

After it was confirmed that they satisfied the criteria, the volunteers sat on a blood sampling chair, with their right arms shifted toward the cameras. First, the practitioner palpated their forearms using only a tourniquet, both to identify the vein to puncture and to fix the camera shot. Once the vein was located, the palpation gesture was recorded, and the corresponding loads were measured. Then, the orthonormal plane composed of self-adhesive targets and used to compute the insertion angle was taped to the puncture site to be recorded. Finally, the plane was removed, the puncture site was disinfected, and puncturing was performed using the instrumented syringe.

Results

Palpation step

The average palpation velocity (N ), peak load ( ), and maximum palpating-finger displacement ( ) were obtained for each volunteer (i) to calculate the average of the averages (Table 1).

Table 1

Results obtained from the biomechanical analysis of palpation The results were analyzed according to age and sex, as shown in Figure 6. On average, the palpation velocity was higher for men than for women and was higher for younger volunteers. Regarding age, the average maximum displacement of the palpating finger was significantly larger for the elderly volunteers, whereas the average palpation peak load was similar between the old and young groups.

[INSERT FIGURE 6]

Figure 6: Box plots illustrating the effects of age and sex on palpation: a) velocity; b) peak load; c) maximum finger displacement

The results in Table 1 are useful for reproducing the palpating gesture on skin substitutes, to mechanically compare them with human forearms under realistic conditions.

Puncture kinematics

As shown in Figure 7, the insertion angle was not constant during the puncture tests. The practitioner first increased the insertion angle to penetrate the skin and then gradually decreased it to insert the needle-catheter assembly into the vein while attempting not to puncture the vein's inner wall. Plotting the puncture load together with the insertion angle revealed that the insertion depth between the skin and the vein punctures was within the vein-depth range reported in the literature. In a previous study [START_REF] Zharov | Infrared imaging of subcutaneous veins[END_REF], the depth of superficial veins in the forearm was estimated to be 1-3 mm via infrared imaging. The mean insertion angle and puncture velocity are presented in Table 2. Such results can be used in the design of venipuncture robots that mimic the gestures of medical professionals.

[INSERT FIGURE 7]

Figure 7: Example graph of the insertion angle and puncture load vs. the insertion depth Table 2

Results obtained from the analysis of the puncture gesture

Mean puncture velocity (mm/s) Mean insertion angle (°)

Mean ± SD 10.8 ± 2.1 15.3 ± 5.9

Puncture loads

PVCI was performed on 30 volunteers. For four of the volunteers, only the skin was punctured, because the practitioner missed the vein. Additionally, for five volunteers, the measured friction load was excluded from the analysis, because the catheter remained in the vein during the withdrawal phase. Figure 8 shows a typical load vs. time curve for the puncturing of a superficial vein in the forearm. This curve can be decomposed into sections corresponding to the different steps comprising the PVCI. a) From A to B: The load increased owing to the skin stiffness until skin rupture, which occurred when the catheter penetrated the skin. b) From B to C: The catheter progressed until it touched the vein; i.e., the load increased until the vein wall ruptured. c) From C to D: The practitioner stopped the gesture and applied a cotton pad to stop the bleeding. d) From D to E: The tissue-relaxation phase was characterized by the absence of relative motion between the needle and the tissues (only the static friction acting on the needle shaft was present). e) From E to F: The catheter was withdrawn from the vein. f) From F to G: The catheter was withdrawn from the skin.

[INSERT FIGURE 8]

Figure 8: Typical load vs. time curve obtained by puncturing the skin and vein of a human forearm using a 20G catheter

The skin and vein rupture loads, as well as the friction loads, are presented in Table 3. The friction loads were affected by the types of tissues in contact, the results are separated depending on whether the vein was punctured. Figure 9 presents the differences in puncturing with regard to sex and age. Sex did not appear to influence the puncture loads at the forearm site (Figure 9.a), whereas age affected the vein rupture loads (Figure 9.b). 

Table 3 Results obtained from the biomechanical analysis of perforation

[INSERT FIGURE 9]

Discussion

The palpation gesture can differ among practitioners. While some practitioners only apply a normal force to the surface of the forearm to feel the bounciness of the vein, others apply shear stress to identify the vein. The latter gesture also helps to determine whether the vein can roll during puncturing. The flexible piezoresistive sensor used in this study to measure the normal force provided haptic feedback to the practitioner. In future studies, three-axis sensors can be investigated for determining the tangential loads. The average maximum displacement of the practitioner's finger depended significantly on the age of the subject, whereas the palpation peak load did not (Figure 6). These results can be explained by the variation of the Young's modulus of the skin, which has been shown to decrease by a factor of more than 2 between young and old populations [START_REF] Pailler-Mattei | In vivo skin biophysical behaviour and surface topography as a function of ageing[END_REF]. The results for the mean displacement (Table 1)agree with the observations of Payne [START_REF] Payne | Measurement of properties and function of skin[END_REF] who performed indentation tests on human skin. Payne reported that the subcutaneous fat tissues and underlying tissues have no influence on skin indentation for displacements of which are not exceeding 700 µm. This is consistent with the maximum displacement applied by the palpating finger, as the practitioner must feel the superficial veins to localize the area to puncture. Such displacement was applied in indentation tests in a few studies [START_REF] Torossian | Guidelines for designing a realistic peripheral venous catheter insertion simulator: A literature review[END_REF]. The researchers were thus able to evaluate the Young's modulus of the different layers of the skin and the underlying muscle. However, no study has been reported where indentation tests were performed to assess the effects of superficial veins on the mechanical response of the forearm. For the average palpation velocity and peak load, the obtained results were significantly higher than values reported in the literature, as the tests were performed in a quasi-static state, with an indentation speed and maximum normal load respectively lower than 1 mm/s and 60 mN, [START_REF] Pailler-Mattei | In vivo skin biophysical behaviour and surface topography as a function of ageing[END_REF][START_REF] Pailler-Mattei | In vivo measurements of the elastic mechanical properties of human skin by indentation tests[END_REF][START_REF] Jachowicz | Indentometric analysis of in vivo skin and comparison with artificial skin models[END_REF]. Table 4 shows rupture loads for different soft tissues reported in the literature review performed by Torossian et al. [START_REF] Okamura | Force modeling for needle insertion into soft tissue[END_REF]. Experimental conditions were also reported.

Table 4

Overview of published results for peak perforation during needle insertion in soft tissues [START_REF] Torossian | Guidelines for designing a realistic peripheral venous catheter insertion simulator: A literature review[END_REF] References Skin rupture loads measured in this study are consistent with results obtained by Shergold & Fleck [START_REF] Zharov | Infrared imaging of subcutaneous veins[END_REF] although experimental conditions were not similar. Measured vein rupture loads are relatively higher than those obtained by Okuno et al. [START_REF] Pailler-Mattei | In vivo skin biophysical behaviour and surface topography as a function of ageing[END_REF] which could be explained, in our case, by the use of a larger gauge needle (20G). As indicated by Table 3, the puncturing of superficial veins did not significantly increase the friction load, either because the wall was thin or because the contact friction was reduced by lubrification due to blood. Additionally, the vein rupture load was lower for older subjects (Figure 9), possibly owing to lower Young's moduli. A few volunteers with a BMI superior to 30 participated in the study. Obesity appeared to not affect the puncture loads; however, additional data are needed to confirm this.

To the best of our knowledge, this is the first paper to propose an analysis of the practitioner's gesture for PVCI, which can be now quantified with results shown in Table 2. The instrumented syringe affected the practitioner's gesture and thus the success rate, owing to the lack of haptic feedback through the needle tip. In future studies, researchers should aim to develop an instrumented syringe with enhanced haptic feedback. None of the studies on in vivo forearm skin reported in the literature involved the decomposition of the load applied to the needle during puncturing, as only the insertion phase was recorded. In our study, the stiffness and friction forces were evaluated, and the cutting forces were neglected, as skin and veins can both be considered as thin membranes. Van Gerwen et al. [START_REF] Van Gerwen | Needle-tissue interaction forces--a survey of experimental data[END_REF] reviewed studies on needle-tissue interactions and proposed two types of crack growth processes that can occur on soft materials: stable (i.e., cutting) and unstable (i.e., rupture). They emphasized that for thin membranes, the amount of energy stored during the boundary displacement phase can be so large that a sudden crack extension occurs, forming a hole prior to the needle passing through the membrane thereby justifying the absence of cutting forces in this study. One might also investigate whether the catheter surrounding the needle has a significant impact on the puncture curves, by changing the diameter or the friction comparing to stainless needle only. Eriksson et al. [START_REF] Eriksson | Penetration forces in cannulation of the dorsal veins of the hand: I. A comparison between polyurethane (Insyte®) and polytetrafluoroethylene (Venflon®) cannulae[END_REF] performed PVCI with an instrumented syringe on in vivo dorsal veins of the hand, in vitro lamb skin membranes, and latex membranes. In their study, the catheter did not have a visible impact on the puncturing of human skin. However, for the lamb skin and latex membranes, peak loads were observed when the catheter top and tip were pushed through the membranes.

Similarly, in our study, the catheter did not appear to affect the puncture measurements, indicating that its effects are only visible for stiffer materials. The differences in the rupture loads with regard to age indicate that population-specific medical simulators must be designed to prepare students for different clinical situations. However, the differences may be too small to be haptically perceived by medical professionals and students. Therefore, venipuncture simulators should be developed with consideration of the tribology and subcutaneous properties, such as the vein prominence and tortuous or rolling veins.

Conclusion

A novel method was developed for the biomechanical analysis of the practitioner's medical gesture for PVCI. The kinematic analysis of palpation and puncture gestures can henceforth be used to mimic the practitioner's gestures. The average palpation and needle insertion velocities were 14.21 ± 4.32 mm/s and 10.8 ± 2.1 mm/s, respectively, and the average maximum finger displacement was 2.02 ± 0.82 mm. The visualization of the vein depth through the insertion angle, which had an average value of 15.3° ± 5.9°, provided a useful discriminative criterion for determining the vein rupture load. Measured puncture loads can now be used to mechanically validate skin and vein substitutes. The skin rupture load, the vein rupture load, and the friction loads for the puncturing of the skin only and the puncturing of both the skin and vein were 0.85 ± 0.34 N, 1.25 ± 0.37 N, -0.49 ± 0.19 N, and -0.51 ± 0.16 N, respectively. Experimental results indicated that the age of the subject affected the vein rupture load, but further tests must be performed to confirm this. Finally, the following question arises: to what extent does the instrumented syringe affect the haptic feedback of the practitioner and thus the venipuncture success rate? In future studies, different instrumented-syringe designs can be investigated to enhance the haptic feedback. 
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