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Abstract


Upright posture control and gait are essential for achieving autonomous daily living activities. Postural control of upright posture relies, among others, on the integration of various sensory information. In this context, light touch (LT) and light grip (LG) of a stationary object provide an additional haptic sensory input that helps to reduce postural sway. When LG was studied through the grasp of a cane, the sensory role of this assistive tool was often limited to a mediation interface. Its role was restricted to transmit the interaction forces between its tip and the ground to the hand. While most studies involve participants standing in an unstable way, such as the tandem stance, in this paper we study LG from a different perspective. We attached a handle of a cane firmly to a stationary support. Thus, we can focus on the role of the hand receptors in the LG mechanism. LG condition was ensured through the tactile information gathered by FSR sensors placed on the handle surface. Moreover, participants involved in our study stood in a usual way. The study involved twelve participants in an experiment composed of two conditions: standing relaxed while lightly gripping an equipped handle attached to the ground, and standing in the same way without gripping the handle. Spatial and frequency analyses confirmed the results reported in the literature with other approaches.
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1. Introduction


Aging and pathology generally impair postural control [1]. The elderly often use walking canes to avoid falls and their detrimental issues [2]. Post-stroke patients could also benefit from walking canes in order to allow a safer gait and rehabilitation [3,4].



Walking canes provide at least two complementary aids to balance. On the one hand, they offer mechanical support to ensure balance and, on the other hand, they provide sensory information to the central nervous system (CNS). Indeed, the authors of [5,6] showed that light-touching (i.e., with a force below 1 N) a stationary surface with the forefinger halved postural oscillations. Light touch (LT) presumably provides both tactile and proprioceptive information. In fact, the tiny force applied by the finger leads postural oscillations [7], and the arm proprioception influences the effect of LT on sway [8]. The CNS integrates this information with the many other sensory inputs involved in balance to improve its estimation of the upright direction [9].



Since frail people commonly use canes, and light touch improved the mediolateral gait stability of patients with neurological conditions [10], researchers tried to investigate the efficiency of replacing a direct light touch with a light grip (LG) provided by a cane. Jeka et al. investigated, in [11], the influence of LG on balance in healthy participants with eyes shut, and blind participants standing in a tandem position. The tip of the cane was not allowed to move or to slip. The cane handle was lightly gripped by participants but not attached. The study included two cane orientations: perpendicular to the ground and slanted. For each cane orientation, participants carried out two conditions in the experiment. The first condition is an LT contact, while the second is a force contact. In force contact, participants could apply as much force as needed. Participants also performed a control condition without using the cane. The authors reported that touch and force use of the cane reduced the center of pressure (CoP) displacement equivalently compared to the control condition. However, touch contact forces were insufficient to provide mechanical support. The slanted cane orientation decreased sway more than a perpendicular cane.



Albertsen et al., in [12] tried to evaluate the influence of LG on postural sway if the cane tip was allowed to move. Participants, with open eyes, held a cane lightly with three fingers while standing with their feet parallel at a hip-width distance. The experimental work consisted of manipulating the motion of the cane distal tip. Restricting the motion of the tip entirely, or only preventing its motion in the anteroposterior direction, yielded a smaller sway amplitude than standing without any cane. The sway also decreased when letting the tip move freely on the top of a rough surface. In contrast, the authors do not report a significant sway decay if the tip was allowed to move on a slippery surface. The authors argued that the motion of the cane tip on the slippery ground resulted in less transmission of postural oscillations to the fingers.



In [13], the authors studied the effect of light grip provided by a cane in order to compare it to the direct light touch by a fingertip. In other words, they tried to examine the efficiency of using a cane as a mediation of the haptic cues evoked by body oscillations. The participants stood in a tandem position, very unstable in the mediolateral direction. During the study, the authors investigated the effect of two factors: vision and LG. The experiment revealed that lightly gripping a cane reduces postural sway independently of vision.



The above-cited literature considers the cane as a prosthesis. Its sole objective is to transmit the contact forces between the cane tip and the ground to the upper limb. Only the work of [11] used an almost fastened tip, but the cane handle was let free. Moreover, most of the time, the standing position is unstable. In this paper, we would like to investigate the role of the hand in the light grip mechanism. Indeed, the hand possesses many cutaneous receptors and can by itself provide the necessary sensory information. We designed a custom cane handle, equipped it with force sensors, and attached it firmly to the ground. We asked participants to stand in a usual standing way and compared light grip (LG) and no grip (NG) conditions through temporal, spatial, and frequency analyses.



The paper is structured as follows. Firstly, Section 2 describes the experiment performed in this study. This covers the experimental setup, the information about the participants, and the experiment protocol, as well as the data acquisition and processing. Then, the results of the different data analysis are given in Section 3. Finally, in Section 4, the results are discussed and compared to those reported in the literature, and some future questions are addressed.




2. Materials and Methods


In this section, the details of the experiment are provided. The experimental setup, characteristics of the participants and the protocol they followed, and the data acquisition and processing are explained.



2.1. Participants


Twelve individuals (8 men and 4 women; age   = 27.3 ± 2.8   years   ( M ± S D  ),weight = 71.8 ± 15.1 kg, and height   = 173.4 ± 8.4   cm) participated in the study. Participants were healthy and had no known neurological or muscular disorder. All participants gave informed, written consent as required by the Helsinki declaration (1964) and the local Ethics Committee. All participants were naïve to the goals of the experiment.




2.2. Experimental Setup


The experimental setup is shown in Figure 1. It consists of an OR6 (AMTI, Watertown, MA, USA) force platform and a custom, 3D-printed, T-shaped cane handle (see Figure 1 right). The handle was firmly attached to a stable support. The attachment between the handle and the support includes a Nano-17 6-axis force/torque sensor (ATI Industrial Automation, Apex, NC, USA). It recorded the forces and moments applied through the handle–support joint.



Keeping the LG condition when grasping the handle was a basic requirement in this paper. For this purpose, force-sensing resistors (FSR) were chosen. This kind of sensors are an economical and effective solution for this task. They were used to capture the gripping force exerted in handles in works such as [14,15] and can be even custom made [16]. In our case, the handle was equipped with five FSR units (FSR402®, Interlinks Electronics, Camarillo, CA, USA). They measured the force applied on the handle surface when the user gripped it. They are round-shaped and have an active area with a diameter of 12.7 mm [17]. The location of the sensors can be seen in Figure 2, where an unfolded version of the handle of Figure 1 is shown. The position of each of them was determined after carrying out a preliminary study in which volunteers with different hand sizes and shapes were asked to grasp the handle. The purpose was to cover the most likely gripped surface.




2.3. Experimental Procedure


Participants stood upright, barefoot, and relaxed on the top of the OR6 force platform (see Figure 1 left). They had their eyes closed. Their feet were parallel and set apart the width of their hips. The cane handle was placed in an ecological position: it was located beside the force platform and slightly forward. Inappropriate height of the cane usually leads to the worst postural stability and an insecure gait. In a clinic situation, as reported by the authors of [18], cane height can be determined in two ways. It can equal the distance between the ground and either the greater trochanter or the wrist crease. In our study, the experimenter manually adjusted the handle height mid-distance between the two clinical options.



The two experimental conditions were the following:




	
Light grip (LG): The participants were lightly gripping the handle with their right hand at the height chosen by the experimenter. Their other arm hung loosely along the body side.



	
No grip (NG): The participants had both arms hanging loosely along the body sides.








In order to keep an LG, an audible cue would inform the participants if they applied a force above the fixed threshold so that they could loosen their grip.



Each condition was repeated three times in a randomized order for a total duration under 30 min per participant.




2.4. Data Acquisition and Processing


The data acquisition had a double purpose: on the one hand, to ensure the LG condition during the experiment realization and, on the other, to allow the further analysis and computation of the parameters of interest (provided in the sequel).



2.4.1. Light Grip Monitoring Circuit


The electronics that acquired the force measured by the FSR sensors is shown in Figure 3. It is based on an Arduino Due board together with a custom conditioning circuit.



As can be seen, one of the terminals of the FSR sensors is grounded. The other is connected to one of the inputs of an analog multiplexer CD74HCT406 (Texas Instruments, Dallas, TX, USA). The selection of the sensor to read is made through the multiplexer control inputs by using the digital ports of the Arduino Due. The chosen FSR unit becomes part of the following circuit (Figure 4):



The circuit is based on an operational amplifier MCP6001 (Microchip Technology Inc., Berkshire, UK) in noninverting configuration.   R  F S R    is the force-dependent resistance on the terminals of the FSR sensor,   V  R E F    adjusts the output range, and   R G   is used to tune the circuit gain. Note that small values of   V  R E F    allows having a wider output range.   R G   value can be used to compensate the choice of a small voltage in   V  R E F   . The values selected in the experiment were   V  R E F    = 0.4 V and   R G   = 2 KΩ.



The output voltage, that will be proportional to the exerted force, is digitized by the analog-to-digital converter of the Arduino Due with a resolution of 12 bits. The FSR sensors are read at a rate of 200 Hz. The system was calibrated in order to obtain the actual force from the FSR sensor read. A set of calibration weights was used for this purpose, as shown in Figure 5.



If any of the sensors detects a force above 1 N, the board microcontroller triggers an alarm by activating a buzzer. As stated in Section 2.3, this audible cue informs the participants that they must loosen their grip, and it only mutes once LG condition is again achieved. The FSR data are not recorded for further analysis.




2.4.2. Postural Data


Acquisition


6221 multifunctions cards (National Instruments, Austin, TX, USA) acquired the force platform and the Nano-17 force sensor analog inputs with a resolution of 16 bits. A Simulink real-time computer (Mathworks, Natick, MA, USA) was used to gather and synchronize the data acquisition from both devices at a sampling rate of 2 kHz.




Processing


In this paper, we used the CoP position to compute the parameters. This variable was calculated as follows [19]:


     C o  P  A P   =   −  M y  +  (  F x  ∗ h )    F z       



(1)






     C o  P  M L   =    M x  +  (  F y  ∗ h )    F z       



(2)




where   C o  P  A P     and   C o  P  M L     denote the position of the CoP along the anteroposterior and mediolateral directions.   F x  ,   F y  ,   F z  ,   M x  , and   M y   are the forces and moments applied by the body on the platform. h is the distance between the top of the force plate and its integrated sensors.   C o  P  A P    ,   C o  P  M L    , and the Nano-17 forces and torques were filtered using a first-order band-pass Butterworth filter with cutting frequencies equal to 0.04 and 2 Hz. The upper band of the band-pass filter is motivated by the upper frequency content of postural sway, which is smaller than two Hertz [20]. The lower band is related to the duration of our experimental trials, equal to 90 s. The 0.04 corresponds approximately to four times the frequency resolution if a fast Fourier transform (FFT) computation had been considered. The first ten seconds of each trial have been removed to discard all the adaptation phenomena that could occur during the beginning of a trial.



The evaluation of postural sway was achieved using the conventional methods reported in the literature [21]:




	
A spatial criterion: we chose the area of the CoP excursion since it illustrates both the AP and the ML directions. This area was computed as the area of the ellipse encompassing 90% of the CoP points during a trial.



	
A frequency-based criterion: we computed the power spectral density (PSD) to illustrate the frequency content of the CoP excursion in the AP and ML directions and its dependence on the experimental condition, NG or LG. For each direction (AP or ML), the trials of all participants in each condition (NG or LG) were merged to increase the number of samples. Besides, for both conditions, we used the Matlab function pwelch in association with the Hann window. The window length was set to 240 samples and the overlap to 30%. This ensured a good trade-off between the correctness of the result and the smoothing of the PSD. With this tuning, the frequency resolution was about   4.2  ∗  10  − 3     Hz. The total power corresponding to the area under the PSD curves will also be used to discuss the energetics of postural sway.








Matlab function xcorr was used to quantify the correlation and the lag between the force exerted on the handle and the evolution of the center of pressure. These parameters were computed separately for the AP and ML directions, i.e., considering the pairs <   f  A P   , C o  P  A P    > and <   f  M L   , C o  P  M L    >.



Given the small size of the sample, data is presented as median and interquartile range (IQR). When necessary, nonparametric statistical tests are applied to test the significance of the difference between the NG and LG conditions.







3. Results


This section shows the results of the experiment, covering the forces applied on the handle, the analysis of the area of sway, the correlation between the forces applied to the handle and the CoP, and the frequency analysis.



3.1. Forces Applied to the Handle


The instructions of lightly gripping the handle were observed by participants (Figure 6 helps visualize the directions of the captured forces and moments). Indeed, the recorded data shown in Figure 7 and Figure 8 are low enough to prevent any mechanical assistance. The median and IQR values and forces and torques are given in Table 1.




3.2. Reduction of the Area of Sway


A plot of the area of sway of one participant during one trial in NG and LG conditions is shown in Figure 9. As can be observed, the area in the LG condition is equal to 7.87 mm2 and lower than the area computed for the NG condition, which is 37.19 mm2.



A Tukey outlier boxplot gathering the surface of sway across all the participants trials is shown in Figure 10; this global result is consistent with that of the participant shown in Figure 9. The area is equal to 53.78 mm2 (IQR = 31.38) and 13 mm2 (IQR = 7.38) for the NG and LG conditions, respectively. A related samples Wilcoxon signed rank test rejected the medians equality (p = 0.002). The LG significantly reduced the sway area.




3.3. Correlation between the Forces Applied to the Handle and the Body Sway


Pearson correlation and time lag between the force on the handle and the body CoP were calculated. Again, the parameters were computed for the AP and the ML directions separately. Tukey boxplots of the obtained coefficients and time lags are represented in Figure 11 and Figure 12, respectively. The correlation coefficient in the AP direction was   r  A P    = 0.6 (IQR = 0.2). It was greater than the coefficient in the ML direction,   r  M L    = 0.31 (IQR = 0.15). The time lags were −0.191 s (IQR = 0.139) and −0.29 s (IQR = 1.7) in the AP and the ML directions, respectively. Even significantly different from zero, the correlation coefficient in the ML direction is relatively low. The lag in this direction should be taken carefully. A time series and a correlation function in the AP direction are given in Figure 13 and Figure 14, respectively. These plots correspond to a participant trial whose correlation coefficient is near the median. The plots illustrate the similarity between the time series of the two variables.




3.4. Frequency Analysis


PSD plots of the CoP are shown in Figure 15 and Figure 16 for the AP and ML directions. These plots show that power is decreased with LG, especially before 0.4 Hz. The ratio of total power between the NG and LG conditions were 5 and 2.5 in the AP and ML directions, respectively. As can be observed, there is a higher power reduction in the AP direction.





4. Discussion and Conclusions


In this work, we designed a setup in which the handle of a cane was firmly attached to a stationary support. This allowed us to focus on the role of the hand receptors in the LG mechanism. The results of our study are in accordance with the literature. In the sequel, these results will be commented and compared to previous studies. Open and future research questions will also be addressed.



4.1. Regarding the Light Grip Condition


The FSR sensors ensured a light grip, while the analysis of the forces applied to the cane handle by participants proved insufficient to provide mechanical assistance. Postural instability is more significant in the AP than in the ML direction in the chosen standing position. According to the recorded forces exerted on the handle, the median values of   f  A P    and   M  M L    are equal to −0.05 N and 4.26 Nmm, respectively. Assuming a cane length of 1 m, the resulting torque around the ankle is far less than the approximately 14 Nm reported for normal standing in [22]. The mean of the   f  N o r m a l    in our study is equal to −0.51 N, which is within to the 2 N normal force threshold chosen in [11]. The maximum normal force applied to the handle in our study is 2.5 N, which is bigger than the limit imposed in [13]. However, this force is lower than the 2.7 N which was still considered as a light touch condition in [23].




4.2. Light Grip Reduces Sway Area


Light grip reduced postural sway drastically. The median value of the area of sway was divided by four. The percentage of reduction is about 75%, similar to the 50% or more reduction reported in [11]. Our reduction percentage is somehow higher than the one reported by Jeka et al. in [11] and the approximately 20% deduced from the work of Sozzi et al. in [13], since our results cover the whole CoP excursion surface and not a unique direction.




4.3. Forces Applied to the Handle Led Postural Sway


The support area is large in the ML direction and narrow in the AP direction when standing with the feet parallel at hip-width, which favors body oscillation in the AP direction [6]. In contrast, the area is narrower in the ML direction during standing in a tandem stance, which favors oscillation in this direction [13].



The standing position of the participants favors postural sway in the AP direction. Thus, the correlation study between the forces on the handle and the CoP displacements was most significant between   f  A P    and   C o  P  A P    . The Pearson correlation coefficient was higher in the AP direction. Its median value of 0.6 is in line with the approximately 0.5 reported by Jeka et al. in [11]. In contrast, Sozzi et al. reported correlation coefficients ranging from −0.46 to 0.64 when participants were deprived of vision and the tip of the cane was allowed to move freely on the ground. Our results are closer to those reported in [11], and this might be due to the attachment of the distal tip of the cane closer to our experimental design.



The negative values of the obtained median lags, −191 ms and −290 ms in the AP and ML directions, indicate that the small forces applied to the handle led postural sway. They are in accordance with the results reported in [11] and could indicate a long neural loop activated by sensory information. Surprisingly, Sozzi et al. reported in [13] that the cane movements lagged postural oscillations with a very short time, −37.7 (±48.6) ms. This may be due to the lag between the forces applied by the cane tip and its motion.




4.4. PSD Analyses Confirm the Sensory Nature of Light Grip


The PSD estimates confirm that the phenomenon in play is sensory. Certainly, the LG condition mainly reduced the frequency components below 0.4 Hz. According to [24], this frequency area corresponds to rambling, i.e., the postural sway component dedicated to the gathering of sensory information.




4.5. Concluding Remarks


To sum up, in this paper, we have shown that cane handles firmly attached to the ground provide enough sensory information to reduce postural balance without offering any mechanical support. Even though fingertips are most sensitive to tactile stimulation, the hand palm tactile sensors [25] proved sufficient to gather the necessary information for balance control. However, Alberten et al. in [12] and Sozzi et al. in [13] showed that, under some circumstances, letting the cane end tip move freely reduces postural sway as well. Moreover, Jeka et al. in [11], who studied the haptic influence of a cane with a stationary tip and free handle, showed that the orientation of the cane impacts the sensory-influenced balance reduction.



Both light grips, relying only on the hand sensory receptors and a cane, used as a mediation tool to transfer the cane tip interaction with the ground, appear effective in minimizing sway. Future work could include the investigation of the sensorimotor integration of these two ways of gathering haptic information. A preliminary study would include the design of compact tactile sensing units able to sense tangential forces, as in [26,27,28].



In the midterm, this research will pave the road to the development of affordable technologies, which will alleviate people’s postural problems and offer one solution towards an inclusive society.








Author Contributions


All the authors contributed equally to the present research. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by ANR (French National Research Agency) grant number ANR-16-CE33-0012 (i-Gait).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee CERES Paris-Descartes (IRB 20153400001072).




Informed Consent Statement


Written informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	FSR
	Force sensing resistor



	CoP
	Center of pressure



	LT
	Light touch



	LG
	Light grip



	NG
	No grip



	AP
	Anteroposterior



	ML
	Mediolateral









References


	



Horak, F.B. Postural orientation and equilibrium: What do we need to know about neural control of balance to prevent falls? Age Ageing 2006, 35, ii7–ii11. [Google Scholar] [CrossRef] [Scilit]

	



Mann, W.C.; Llanes, C.; Justiss, M.D.; Tomita, M. Frail Older Adults’ Self-Report of Their Most Important Assistive Device. OTJR Occup. Particip. Health 2004, 24, 4–12. [Google Scholar] [CrossRef] [Scilit]

	



Murray, M.P.; Seireg, A.H.; Scholz, R.C. A survey of the time, magnitude and orientation of forces applied to walking sticks by disabled men. Am. J. Phys. Med. 1969, 48, 1–13. [Google Scholar]

	



Chen, C.; Chen, H.; Wong, M.; Tang, F.; Chen, R. Temporal stride and force analysis of cane-assisted gait in people with hemiplegic stroke. Arch. Phys. Med. Rehabil. 2001, 82, 43–48. [Google Scholar] [CrossRef] [Scilit]

	



Jeka, J.; Oie, K.; Schöner, G.; Dijkstra, T.; Henson, E. Position and velocity coupling of postural sway to somatosensory drive. J. Neurophysiol. 1998, 79, 1661–1674. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Clapp, S.; Wing, A.M. Light touch contribution to balance in normal bipedal stance. Exp. Brain Res. 1999, 125, 521–524. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jeka, J.J.; Lackner, J.R. Fingertip contact influences human postural control. Exp. Brain Res. Exp. Hirnforsch. ExpÉRimentation CÉRÉBrale 1994, 100, 495–502. [Google Scholar] [CrossRef] [Scilit]

	



Rabin, E.; Bortolami, S.B.; DiZio, P.; Lackner, J.R. Haptic Stabilization of Posture: Changes in Arm Proprioception and Cutaneous Feedback for Different Arm Orientations. J. Neurophysiol. 1999, 82, 3541–3549. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jeka, J.; Oie, K.S.; Kiemel, T. Multisensory information for human postural control: Integrating touch and vision. Exp. Brain Res. 2000, 134, 107–125. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Boonsinsukh, R.; Panichareon, L.; Phansuwan-Pujito, P. Light touch cue through a cane improves pelvic stability during walking in stroke. Arch. Phys. Med. Rehabil. 2009, 90, 919–926. [Google Scholar] [CrossRef] [Scilit]

	



Jeka, J.J.; Easton, R.D.; Bentzen, B.L.; Lackner, J.R. Haptic cues for orientation and postural control. Percept. Psychophys. 1996, 58, 409–423. [Google Scholar] [CrossRef] [Scilit]

	



Albertsen, I.M.; Temprado, J.J.; Berton, E. Effect of haptic supplementation on postural stabilization: A comparison of fixed and mobile support conditions. Hum. Mov. Sci. 2010, 29, 999–1010. [Google Scholar] [CrossRef] [Scilit]

	



Sozzi, S.; Crisafulli, O.; Schieppati, M. Haptic Cues for Balance: Use of a Cane Provides Immediate Body Stabilization. Front. Neurosci. 2017, 11, 705. [Google Scholar] [CrossRef] [Scilit]

	



Trujillo-León, A.; Bachta, W.; Vidal-Verdú, F. Tactile Sensor-Based Steering as a Substitute of the Attendant Joystick in Powered Wheelchairs. IEEE Trans. Neural Syst. Rehabil. Eng. 2018, 26, 1381–1390. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Trujillo-León, A.; Ady, R.; Vidal-Verdú, F.; Bachta, W. A tactile handle for cane use monitoring. In Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milano, Italy, 25–29 August 2015; pp. 3586–3589. [Google Scholar] [CrossRef] [Scilit]

	



Trujillo-León, A.; de Guzmán-Manzano, A.; Velázquez, R.; Vidal-Verdú, F. Generation of Gait Events with a FSR Based Cane Handle. Sensors 2021, 21, 5632. [Google Scholar] [CrossRef] [Scilit]

	



Interlink Electronics. FSR402®. 2021. Available online: https://www.interlinkelectronics.com/fsr-402 (accessed on 7 June 2021).

	



Lu, C.L.; Yu, B.; Basford, J.R.; Johnson, M.E.; An, K.N. Influences of cane length on the stability of stroke patients. J. Rehabil. Res. Dev. 1997, 34, 91–100. [Google Scholar] [PubMed]

	



Sardain, P.; Bessonnet, G. Forces Acting on a Biped Robot. Center of Pressure—Zero Moment Point. IEEE Trans. Syst. Man Cybern. A Syst. Humans 2004, 34, 630–637. [Google Scholar]

	



Zatsiorsky, V.M.; Duarte, M. Instant equilibrium point and its migration in standing tasks: Rambling and trembling components of the stabilogram. Motor Control. 1999, 3, 28–38. [Google Scholar] [CrossRef] [Scilit]

	



Prieto, T.E.; Myklebust, J.B.; Hoffmann, R.G.; Lovett, E.G.; Myklebust, B.M. Measures of postural steadiness: Differences between healthy young and elderly adults. IEEE Trans. Biomed. Eng. 1996, 43, 956–966. [Google Scholar] [CrossRef] [Scilit]

	



Sakanaka, T.E.; Gill, J.; Lakie, M.D.; Reynolds, R.F. Intrinsic ankle stiffness during standing increases with ankle torque and passive stretch of the Achilles tendon. PLoS ONE 2018, 13, 1–21. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Johannsen, L.; Wing, A.M.; Hatzitaki, V. Effects of Maintaining Touch Contact on Predictive and Reactive Balance. J. Neurophysiol. 2007, 97, 2686–2695. [Google Scholar] [CrossRef] [Scilit]

	



Zatsiorsky, V.M.; Duarte, M. Rambling and trembling in quiet standing. Motor Control 2000, 4, 185–200. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Vallbo, A.; Johansson, R. Properties of cutaneous mechanoreceptors in the human hand related to touch sensation. Hum. Neurobiol. 1984, 3, 3–14. [Google Scholar] [PubMed]

	



Ren, Z.; Nie, J.; Shao, J.; Lai, Q.; Wang, L.; Chen, J.; Chen, X.; Wang, Z.L. Fully Elastic and Metal-Free Tactile Sensors for Detecting Both Normal and Tangential Forces Based on Triboelectric Nanogenerators. Adv. Funct. Mater. 2018, 28, 1802989. [Google Scholar] [CrossRef] [Scilit]

	



D’Amore, A.; De Maria, G.; Grassia, L.; Natale, C.; Pirozzi, S. Silicone-rubber-based tactile sensors for the measurement of normal and tangential components of the contact force. J. Appl. Polym. Sci. 2011, 122, 3757–3769. [Google Scholar] [CrossRef] [Scilit]

	



Castellanos-Ramos, J.; Navas-González, R.; Vidal-Verdú, F. Tri-axial tactile sensing element. In Bio-MEMS and Medical Microdevices; Tserepi, A., Delgado-Restituto, M., Makarona, E., Eds.; International Society for Optics and Photonics, SPIE: Bellingham, WA, USA, 2013; Volume 8765, pp. 144–153. [Google Scholar]








[image: Sensors 21 08191 g001] 





Figure 1. Experimental setup with handle detail. 






Figure 1. Experimental setup with handle detail.
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Figure 2. Map of positions of the FSR units on the handle (distances in milimeters). 
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Figure 3. Electronics for the light grip monitoring system. 
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Figure 4. Transimpedance amplifier for the reading of the FSR measure. 






Figure 4. Transimpedance amplifier for the reading of the FSR measure.
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Figure 5. Calibration process: the FSR sensor was fixed to a table surface. Then, a set of calibration weights were placed on the sensor active area. For each weight, the sensor output was conditioned with the operational amplifier stage and digitized with the Arduine Due analog-to-digital converter. The obtained function allows computing the force as   F  ( N )  = 4.348 ∗  10  − 3   ∗ D i g i t i z e d   V a l u e  , where   D i g i t i z e d   V a l u e   is in the range [0, 4095]. 
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Figure 6. Directions of the forces and moments captured by the handle F/T sensor in the experiment. 
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Figure 7. Forces applied to the handle considering the trials of all the participants in the anteroposterior (AP), mediolateral (ML), and normal directions. 
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Figure 8. Moments applied to the handle considering the trials of all the participants in the anteroposterior (AP), mediolateral (ML), and normal directions. 






Figure 8. Moments applied to the handle considering the trials of all the participants in the anteroposterior (AP), mediolateral (ML), and normal directions.



[image: Sensors 21 08191 g008]







[image: Sensors 21 08191 g009] 





Figure 9. An example of the sway area for a single participant. On the left, the NG condition in blue. On the right, the LG condition in red. (a) No grip (NG); (b) light grip (LG). 






Figure 9. An example of the sway area for a single participant. On the left, the NG condition in blue. On the right, the LG condition in red. (a) No grip (NG); (b) light grip (LG).



[image: Sensors 21 08191 g009]







[image: Sensors 21 08191 g010] 





Figure 10. Surface of sway across all the participants trials for the NG (in blue) and LG (in red) conditions. 
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Figure 11. Pearson correlation coefficient between the hand forces applied to the handle and the CoP excursion in the AP and ML directions during the LG condition. All participants were included. 
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Figure 12. Time lag between the hand forces applied to the handle and the CoP excursion in the AP and ML directions during the LG condition. All participants were included. 
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Figure 13. Times series for one participant of the   C o  P  A P     in red and 10   ×    f  A P     in dashed blue. 
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Figure 14. Correlation function for one participant trial between   f  A P    and   C o  P  A P    . 
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Figure 15. PSD of the   C o  P  A P    . 
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Figure 16. PSD of the   C o  P  M L    . 
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Table 1. Forces and torques applied to the cane handle.
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	fAP
	fML
	fNormal
	MAP
	MML
	MNormal





	Median
	−0.05 N
	−0.14 N
	−0.37 N
	13.59 Nmm
	4.26 Nmm
	−8.64 Nmm



	IQR
	0.8 N
	0.57 N
	1.7 N
	54.68 Nmm
	56.91 Nmm
	29.59 Nmm
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